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Systemic lupus erythematosus (SLE) is a systemic disease 
that is characterized by generalized autoimmunity. Unlike 
organ-specific autoimmune diseases such as insulin-depen- 
dent diabetes mellitus or myasthenia gravis, SLE is char- 
acterized by autoantibodies against nuclear, cytoplasmic, 
or cell surface molecules that transcend organ-specific 
boundaries. It is the inflanmiatory responses triggered by 
local formation and/or deposition of antigen-antibody im- 
mune complexes that are responsible for the clinical man- 
ifestations of vasculitis and multiorgan system disease (1). 

For over 20 years, SLE had been considered to be pri- 
marily a B-cell disease, as reflected by hyperactivity of the 
humoral component of the immune response (2-5) and 
concomitant T-cell hypoactivity (6-8). However, we now 
appreciate that like most (if not all) autoimmune diseases, 
SLE is T-cell dependent. In murine models of SLE, deple- 
tion of CD4-I- T cells blocks disease onset (9), and athymic 
mice do not develop SLE (10, 11). In humans, the effects 
of human immunodeficiency virus (HIV) infeaion on 
CD4+ lymphocytes may ameliorate SLE activity and spur 
remission (12). 

During the past few years, concepts concerning antigen 
recognition by T cells have been revised. Self-recognition 
had been considered to be pathologic, and self-reaaive T 
cells were believed to be eliminated completely during on- 
togeny. In contrast, it now is appreciated that the mecha- 
nisms underlying T-cell recognition of and response to 
both foreign and self-antigens are similar. Reactivity to self 
histocompatibility molecules by T cells is not only physi- 
ologic, it is indispensable to the generation of normal im- 
mune responses. Moreover, clonal deletion of T cells that 



are capable of reacting against certain self-peptides is in- 
complete, demonstrating that autoreactive T cells normally 
persist (13). 

With the realization that every individual harbors T 
cells that could potentially induce autoimmune disease, it 
becomes necessary to understand the mechanisms that in- 
itiate and sustain nonresponsiveness or tolerance. Just as 
autoreactive T cells are not completely eliminated during 
ontogeny, B cells that have the potential to make autoan- 
tibodies also are not completely deleted (14). IgM auto- 
antibodies with anti-DNA or anti-IgG (i.e., rheumatoid 
fdctor) specificities may arise through nonspecific (i.e., T 
cell-independent) stimulation of B cells (15, 16). Because 
they are of the IgM class, these autoantibodies generally 
are not pathogenic. However, following the breakdown of 
tolerance in SLE, normally quiescent T cells become acti- 
vated (17-19). These T cells provide the necessary help for 
IgM-producing B cells to undergo class switching and se- 
crete pathogenic IgG anti-DNA (20, 21). As discussed 
later, many discrete and seemingly disparate T-cell abnor- 
malities may lead to this same, common end result. More- 
over, ineffective attempts by the immune system to down- 
regulate the ongoing autoimmunity may lead to a variety 
of secondary T-cell abnormalities. 

Before reviewing immune abnormalities in SLE in this 
chapter, present concepts of T-cell development and func- 
tion in normals are summarized to provide the reader with 
essential background information. Two caveats are offered 
at the outset. First, present concepts of immune dysregu- 
lation in SLE largely have been derived from studies in- 
volving murine models of SLE. The great advantages of 
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murine models are that in vivo studies can be undertaken 
and the lymphoid organs, where autoimmunity is gener- 
ated and sustained, can be studied directly. In contrast, 
most of the information concerning human SLE has been 
derived from the study of blood lymphocytes, and one can 
never be absolutely certain that the ex vivo properties of 
blood lymphocytes precisely reflea those events occurring 
in lymphoid organs in vivo. Second, vi^hile human SLE typ- 
ically is a disease of exacerbations and remissions even in 
the absence of immunosuppression medications, animal 
models generally have a progressive course. Dynamic reg- 
ulatory mechanisms therefore are especially important in 
human SLE. Confusing the picture further is the hetero- 
geneity of SLE syndromes and the differences in patient 
populations studied by individual investigators. Nonethe- 
less, in general, studies of blood lymphocytes in human 
SLE have complemented those in murine lupus and shed 
considerable light on the immune dysfunctions underiying 
SLE. 



General Properties of T Cells 

T cells are thymus-derived lymphocytes that develop either 
regulatory or effector functions. Unlike B cells, T cells are 
unable to bind antigen directly; rather, they recognize an- 
tigen in conjunction with self class I or class n molecules 
of the major histocompatibility complex (MHC). The 
T-cell antigen receptor (TCR) is expressed on the surface 
of T cells and consists of a two-chain heterodimer antigen- 
binding unit (either a and p chains or y and 8 chains) that 
is noncovalently complexed to the signal-transducing CDS 
structure. 

The CD4 molecule recognizes a monomorphic region of 



class n molecules. Therefore, CD4+ lymphocytes, as 
rule, recognize antigen in combination with self cla.c n 
(HLA-DR, DP, DQ) MHC gene products. Typicli5 
phagocytic cells ingest extracellular microbes such as ba 
teria, and after antigen processing, small peptides are com 
plexed to MHC class U and expressed on die cell surC 
for presentation to CD4+ cells. Monocytes, dendritic cell? 
and other HLA-DR-h antigen-presenting cells interact Avitk 
CD4+ cells in this manner. > 
The CDS molecule recognizes a monomorphic region of 
class I MHC molecules. Therefore, CDS + T cells, as a rule 
recognize peptide fragments that are bound to class i 
(HLA-A, B, C) MHC molecules. In this way, CDS+ celk^ 
can eliminate cells tiiat are infected by intracellular organ 
isms. Viral proteins rfiat are synthesized by infected cells 
are degraded by proteases, and these peptides are com 
plexed to MHC class I molecules and translocated to the 
cell surface for recognition by CD8+ cells. | 
Although CD4+ cells usually provide B-cell help and 
CD8+ cells downregulate antibody production or become^ 
killer cells (22), each of these populations can develop the 
opposite function (23, 24). 

The great majority of CD4+ and CD8+ T cells express^ 
TCR ap chains, whereas the few T cells that lack both CD4 
and CDS molecules (CD3+ CD2+ CD4- CDS-) cells usu- 
ally express yd chains. However, the TCR yS cells also 
be CD4-h or CDS+. Although only a small number of 
these cells circulate in the blood, they are enriched in the 
skin, lung, gastrointestinal tract, and the female reproduc- 
tive tract (Table 10.1). 



Mechanisms Involved in 
Tolerance induction and 
Maintenance 



Table 10.1. Human T Lymphocyte Populations. 

TCR ' ' 
Chains Population Commen t 



CD4+ cells 



CD4+ cells 



CD4- CD8- 
CD4- CD8-,CD8+ 



Recognize peptide antigens 
complexed to self MHC 
class II structures (HU\- 
DR, DP. DQ) 
Recognize peptide antigens 
complexed to self MHC 
class I structures (HLA- 
-A. -B, -C) 
Minor population 
Minor population in blood; 
large percentage of 
intraepithelial 
lymphocytes found in the 

skin^mall intestine, 

female reproductive tract, 
and the lungs; recognize 
CD1, lipid antigens. 



Clonal Deletion 

During ontogeny, pluripotent stem cells migrate to the thyv 
mus and become thymocytes, which potentially are capa- 
ble of differentiating into mature T cells. However, only a: 
small percentage of thymocytes actually survive intra-^^ 
thymic development and fully mature into immunocom-: 
petent T cells. This is the result of two processes, termed^ 
positive and negative selection. Positive seleaion refers to 
those events through which only those T cells that recog-' 
nize self-MHC are allowed to survive (25). These T cells] 
recognizing self-MHC class U or class I molecules become^ 
CD4+ or CD8-I- cells, respectively. Through a sequence of^ 
events called negative selection, these T cells migrate to the 
thymic medulla, where those T cells that bind strongly m 
self-peptide-MHC complexes presented by stromal cells 
are eliminated (25). In this manner, only T cells that are^ 
capable of recognizing self-MHC molecules reach die pe^^ 
riphery, but those T cells with exceptionally avid auto? 
reactivity (i.e., potential autoaggressive T cells) are physi^ 
cally deleted from the T<ell repertoire (Table 10.2). 
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Table 10.2. Mechanisms Involved in T lerance 
Induction and Maintenanc 



Mechanism Site 



Comment 



Clonal 
deletion 



Clonal 
anergy 



Regulatory 
cells 



Clonal 
ignorance 



Thymus and 
periphery 



Thymus and 
periphery 



Periphery 



Periphery 



Not all potentially autoaggressive 
T cells are deleted from the 
repertoire. In the periphery, • 
these cells are deleted by 
activation-induced cell death. 

T cells that recognize self 
peptides Signal 1 without the 
required co-stimulatory signal 
(signal 2) become non 
responsive. Clonal anergy Is 
reversible. 

Although there is unequivocal 
evidence of antigen-specific 
and non-specific suppression, 
the cellular mechanisms 
involved have been poorly 
understood. 

Self-reactive ceils exist in the 
periphery but remain 
immunologically dormant 
because of a lack of T cell 
activation. Infectious agents 
bearing antigens similar to self 
can activate these T cells. 



Cllonal Anergy and Activation-Induced 
Cell Death 

Because thymic stromal cells lack many important tissue- 
specific autoantigens, clonal deletion of potential autoag- 
gressive T cells in the thymus is incomplete. Studies with 
transgenic mice have revealed that some potentially au- 
toaggressive T cells do physically exist, but they are ren- 
dered anergic (i.e., immunologically nonresponsive) (13, 
26) in the periphery. T cells require at least two signals to 
proliferate or develop effector function: specific antigen 
(signal 1), and a critical costimulatory signal (signal 2). The 
latter signal is generated following CD28 binding on the 
T-cell surface to B7.1 or B7.2 (CD80 or CD86) expressed 
by the accessory cell (27, 28). If T cells bind antigen in the 
absence of proper costimulatory signals, they have two 
possible outcomes. First, they may undergo a series of 
events that prevents them from becoming activated by an- 
tigen at a later time (29); this is called clonal anergy. Al- 
ternatively, they may proliferate briefly but then undergo 
apoptosis; this is called activation-induced cell death (30). 
Because anergic cells physically persist, this nonrespon- 
siveness can be reversed by certain cytokines, such as TL-2 
(31). Thus, bystander autoreactive, anergic-state T cells 
may be converted into fully competent, autoaggressive T 
cells that are capable of promoting an autoimmune re- 
sponse if, by chance, anergic cells find themselves in close 
proximity to other cells producing IL-2 in response to some 
unrelated foreign antigen. 



Regulatory Cells 

A third mechanism through which potentially autoaggres- 
sive T cells could be kept in check is through one or more 
lymphocyte populations with downregulatory activity that 
can inhibit antibody synthesis by B cells or suppress re- 
sponses by effector T cells. CD8+ T cells have been con- 
sidered to be the principal source of suppressor cells, but 
CD4+ can develop this function as well (32). The existence 
of a separate lineage of antigen-specific T-suppressor cells 
is controversial, because few T-suppressor clones demon- 
strate rearrangement of the genes that encode the T-cell 
antigen receptor. 

Regardless of whether true antigen-specific suppressor 
T cells exist or functional suppression is predicated 
through more conventional mechanisms such as auto-anti- 
idiotypic responses, there is persuasive evidence that one 
or more T-cell subsets in the adult host have a surveillance 
function and suppress autoimmunity. In murine models, 
passive transfer of T cells from nonautoimmune strains to 
genetically identical, athymic adult animals induces auto- 
immunity (33), because the recipients lack the necessary 
suppressor cells to downregulate autoaggressive donor T 
cells. Second, in the induction of arthritis by passive trans- 
fer of autoimmune T-cell clones, the recipients first must 
be irradiated or pretreated with cyclophosphamide to elim- 
inate T cells that block autoimmunity (34). 

Some T cells have the capacity to recognize antigen re- 
ceptors on lymphocytes. The peptide fragments of the an- 
tigen receptor that are recognized are called idiotypes, and 
idiotype-specific helper T cells have been identified. Anti- 
idiotypic self-recognition is important in immune regula- 
tion, as discussed elsewhere in this volume.' 

Clonal Ignorance 

T cells with low-affinity receptors for organ-specific self- 
antigens (i.e., thyroid, pancreatic islet cell) may escape 
botih clonal deletion and clonal anergy. Transgenic mouse 
models of autoinmiune disease have revealed the existence 
of competent T cells that are specific for self-peptides and 
that under normal physiologic conditions fail to react with 
these self-peptides. Following a microbial infection, how- 
ever, these cells become activated and can initiate auto- 
immunity (35). 

Postthymic T-Cell Maturation 

T-cell maturation is not complete when a T cell leaves the 
thymus; exposure to antigen in the periphery is required 
to complete the maturation process. Neonatal CD4-I- pe- 
ripheral T cells have low avidity for antigen, and on stim- 
ulation, they produce IL-2 but few other cytokines (36). 
These T cells are considered to be "virgin" or "naive." 
After antigenic stimulation, avidity for antigen increases, 
presumably caused by upregulation of adhesion molecules 
with costimulatory activity. These T cells are termed meni' 
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cry cells, because they can be stimulated by antigen under 
much less stringent conditions (37-40). Such CD4+ cells 
respond well to soluble antigens and support B-cell differ- 
entiation. Corresponding memory CD8+ cells, which are 
the precursors of antigen-specific killer cells, also are gen- 
erated (41, 42). Naive and memory T cells can be identified 
phenotypically by reciprocal expression of CD45 isoforms 
on their cell surfaces. (CD45 is a membrane tyrosine phos- 
phatase that has a vital role in signal transduction). Naive 
T cells display the high-molecular-weight CD45RA iso- 
form, and memory T cells express the low-molecular- 
weight CD45RO isoform (37-40). 

This distinction between naive and memory T cells is 
especially important in the development of autoimmunity, 
because T cells that are capable of recognizing self-peptides 
are presumably in the immature, naive state. As discussed, 
through clonal anergy or T-cell suppression, these cells will 
not have been permitted to proliferate and mature into 
memory cells. Once autoreactive T cells are able to reach 
the memory stage, autoimmunity would be easy to sustain, 
because of the relative ease of their activation by antigen. 



Physiologic T-Ceil Regulation 
off Antibody Production 



Generation of antibodies in response to most antigens is T 
cell-dependent. The T-cell contribution to antibody syn- 
thesis can be subdivided into antigen presentation and ac- 
tivation of CD4+ T cells; cell-to-cell interactions between 
T, B, and other cells; cytokine production by these acti- 
vated cells; and the resulting B-cell differentiation. (Anti- 
gen presentation to CD4+ cells was discussed earlier.) 

Early Activation Events 

Although it may be naive to believe that only a few bio- 
chemicals generated intracellularly can completely control 
T-cell fate, it is well established that certain such bio- 
chemicals (i.e., intracellular second messengers) are indeed 
crucial to ultimate T-cell responses. Binding of ligand to 
T-ceU surface CD3/TCR triggers a sequence of events lead- 
mg to phospholipase C activation with hydrolysis of phos- 
phatidylinositol-l,4-bisphosphate (PIP2) to diacylglycerol 
(DAG) and inositol 1,4,5-trisphosphate (1,4,5-IP3) (43). 
DAG is the physiologic activator of protein kinase C (PKC) 
(44); 1, 4,5-0*3 promotes calcium mobilization from inter- 
nal stores and, in T cells, may promote calcium influx 
across the plasma membrane as well (45). In addition to 
the role of Pff ^ hydrolysis in generating intracellular DAG, 
a major portion of intracellular DAG generation (leading 
to PKC activation) also may arise via hydrolysis of phos- 
phatidylcholine (46, 47). 

Changes in the intracellular free-calcium concentration 
play a key role in T-cell activation. Elevations in intracel- 
lular free-calcium levels through mobilization of intracel- 
lular stores may not generate the same functional conse- 



quences to die cell as elevations of intracellular frg 
calcium through influx of extracellular calcium (48). Infln^ 
of exogenous calcium is critical, because depletion of ev^ 
tracellular calcium with chelating agents or pharmacologi 
blockade of calcium channels profoundly inhibits lymph^ 
cyte activation (49, 50), and calcium chelators may affea 
gene expression and production of vital lymphokines surk' 
asIL-2(51). 

Other early activation-associated biochemical events in ^ 
elude the activation of several protein tyrosine kinases such 
as p56 and p59^, activation of PKC, and generation of 
cyclic AMP (cAMP). Activation of PKC is absolutely ts^^ 
sential for IL-2 production (52), and inhibition of PRC^ 
activity correlates well with inhibition of T-cell proliferai 
tion (53). On the other hand, increased intracellular level/ 
of cAMP correlate with inhibition of IL-2 production byV 
and proliferation of T cells, presumably by activating pro-' 
tein kinase A (PKA) (54). " 

Co-Stimulatory Effects From Cell to 
Celt Interactions 

As indicated earlier, T cells do not recognize isolated an-, 
tigen. Rather, they recognize antigen only in the context^ 
of self-MHC molecules that are expressed on the surface 
of the antigen-presenting cell. In addition to the binding of 
antigen to CD3/TCR, T cells require one or more costi- 
mulatory signals for proliferation and differentiation that 
are suppUed by antigen-presenting and other interacting 
cells (29). As stated, the ligation of T-cell CD28 with^ 
CD80/CD86 (formerly B7.1 and B7.2) molecules on anti| 
gen-presenting cells prevents T cells from undergoing- 
apoptosis, or programmed cell death. Importantly, CD80/.S 
CD86 molecules also are expressed on activated B cellsj 
especially those committed to produce IgG (55, 56). Thus * 
activated B cells may further enhance T-cell activation and 
IL-2, leading to even further enhanced leG production by 
B cells (57). I 
Other T-cell surface antigens that are upregulated dur-J 
ing an immune response that play vital roles in T-cell' 
helper function and T-cell cytolytic function, respectively 
are CD40 ligand and Fas ligand. CD40 ligand, by inter 
acting w^ith CD40 on the surface of B cells, can deliver a 
differentiation signal as vi^ell as either rescuing B cells from 
or priming B cells for apoptosis (58-64). CD40 ligand i 
transiently expressed by CD4+ T cells soon after activa 
tion and is quickly downregulated, especially in the pres . 
ence of B cells (65, 66). This tight regulation of CD40 li- 
gand expression presumably protects the host against thej 
induction of indiscriminate polyclonal B-cell differential 
tion by activated T-helper cells. It remains to be established^ 
whether dysregulated CD40 Ugand expression by T cells, 
occurs in SLE and what role, if any, this plays in the chaf' 
acteristic hypergammaglobulinemia and/or autoantibod] 
production. % 
Fas ligand expression by T cells plays an important ro| 
in triggering Fas-based apoptosis of Fas+ target cells. Fas 
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based cell death represents an essential regulatory pathway 
for activated T cells and, under certain circumstances, for 
activated B cells as well (67-76). Unfortunately, Fas ligand 
expression has been more difficult to detea than CD40 
ligand expression, because for human T cells, there have 
been no reagents sensitive enough to detect measurable 
amounts of Fas ligand on the surfaces of intact T cells. As 
a consequence. Fas Ugand usually has been measured at 
the mRNA level. Very recently, the abiHty to detect surface 
Fas ligand expression by flow cytometry has been dem- 
onstrated using hydroxaminic acid-based metalloprotei- 
nase inhibitors (77), so surface Fas ligand expression may 
become quantifiable. Regulation and kinetics of Fas ligand 
expression are topics of intense, active research, and we 
anticipate that important insights will be garnered during 
the next few years regarding the role of Fas ligand dysreg- 
ulation in SLE. 

Other examples of interactions that promote lympho- 
cyte growth and differentiation include lymphocyte func- 
tion antigen 3 (LFA-3 or CD58), which binds to the CD2 
molecule on T cells, and intracellular adhesion molecule 1 
(ICAM-1 or CD54), which binds to another T-cell sur- 



face structure called LFA-1 (or GDI la). In some cases, 
adhesion molecules may have signal-transducing prop- 
erties (78). 

The Role f Cytokines 

Cytokines are hormone-like factors that are produced and 
secreted by various cell types during the course of an im- 
mune response. They generally aa at short distances to 
affect the function of the cells that produce them (i.e., au- 
tocrine effects) and the function of other cells in the im- 
mediate vicinity (i.e., paracrine effects). Some, such as IL- 
6, also can act at long distances. The effects of cytokines 
on T cells are complex. Certain cytokines form cascades 
or interactive networks that regulate each other as well as 
the grov^h, differentiation, and effector function of re- 
sponding cells. 

Table 10.3 presents a convenient classification of se- 
lected cytokines based on the capacity to support either 
cellular or humoral immunity. Those that preferentially 
support cell-mediated immunity are indicated as type 1 cy- 
tokines {IL-2, interferon (IFN)-y, IL-12) and those that 



Table 10.3. Major Cytokines involved in Humoral and Cellular Immunity 



Type I Cytokines 



Predominant effect is to support cell-mediated immunity* 



Interleukin 2 
Interferon gamma 

Interleukin 12 



Produced by T cells 

Produced by T cells and NK 
cells 

Principal source— 

macrophages 
Also produced by B cells 



Essential T cell growth factor; involved in the induction of T killer 

cells and regulatory cells 
Involved in macrophage activation and induction of killer cell activity 
Also enables B cells to produce complement fixing IgG antibodies 
Can also co-stimulate B cell differentiation 
Crucial role in host defense against intracellular microbial agents. 
Co-stimulates T cell activation and differentiation 
Can also co-stimulate B cell differentiation 



Type II cytokines 



Predominant effect is to support antibody production* 



interleukin 4 

Interleukin 6 
interleukin 10 



Produced by T cells and 
basophils 



Produced by Macrophages, 

T cells and B cells 
Major source — macrophages 
Also produced by T cells 

and B cells 



Other cytokines 



Elevated levels in parasitic and allergic diseases associated with 

high levels of IgE 
Anti-inflammatory effect: decreases the production of Type I 

cytokines 

Involved in B cell growth and differentiation 
Also can enhance T killer cell activity 
Major B cell growth factor 

Anti-inflammatory effect: decreases the production of Type 1 
cytokine 

Blocks antigen-presentation to T cells 



Interleukin 1 

Tumor necrosis 
factor-alpha 

Transforming growth 
factor-beta 



Major source— macrophages Part of a cytokine cascade which includes lL-6 and TNFa 



Produced by macrophages 
NK ceils and T cells 

Major source — macrophages 
and NK cells 



Stimulates macrophages to produce PGE2 
B cell differentiation factor 
Major pro-inflammatory effects 
Involved In regulatory cell differentiation 

Produced as an Inert latent complex (must be converted to active 
form 

Major immunosuppressive effects 
Critical co-factor in the generation of regulatory cells 



'Notwithstanding the predominant 
indicated. 



effects of Type I and Type II cytokines, many of these cytokines have potent effects on both nomial and cell-mediated immunity as 
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TabI 10.4. Cyt kine Production in Patients With 
Activ SLE 

Spontaneous After Stimulation 



Cytokine Release of PBMC in Vitro Serum Level 
Type 1 



IL-2 


low 


decreased 


increased 


iFNr 


low 


decreased 


increased 


IL-12 


low 


decreased 


not known 


Type 2 








IL-4 


low 


decreased 


increased or normal 


IL-6 


high 


not known 


increased 


IL-10 


high 


increased 


increased 


Other 








IL-1 


increased 


decreased 


not known 


TNFa 


low 


decreased 


normal or increased 


TGFi3 


normal 


active form 


normal 



decreased 



ture supernatants are readily comprehended, data obtained 
following mitogenic stimulation are more difficult to in- 
terpret (discussed later). Fourth, some investigators have 
studied cytokine mRNA synthesis, but these values do not 
always correlate with production of the secreted product. 
Fortunately, techniques to measure cytokine production by 
single cells have become available and been employed for 
use in human SLE. Cytokine production in SLE is sum- 
marized in Table 10.4. 

Type 1 cytokines 

As might be predicted from the well-described defects of 
impaired cellular immunity in SLE (6-8), production of 
IL-2, IFN, and IL-12 are decreased. 

IL'2 

CD4H- lymphocytes are the principal producers of IL-2. 
CD 8 4- cells generally are poor producers of IL-2 in re- 
sponse to antigens or mitogens, but they do generate sub- 
stantial amounts of this cytokine when phorbol esters are 
added to the cell cultures (110, 111). CD3-I- DN cells also 
produce IL-2 in response to mitogenic stimulation, but to 
a lesser extent than CD4-I- cells do (112). 

Spontaneous production of IL-2 by human T cells is 
very low, but the number of single cells producing this cy- 
tokine can be measured. Decreased values in subjects with 
both active and inactive SLE have been reported by work- 
ers using the enzyme-linked immune spot (ELISPOT) tech- 
nique (113). IL-2 activity in culture supernatants of mito- 
gen-stimulated peripheral blood mononuclear cells 
(PBMCs) also is decreased in SLE, although there is con- 
siderable heterogeneity within groups (114-125). This de- 
crease truly reflects diminished production and not in- 
creased passive absorption of IL-2 produced by activated 
mononuclear cells (118). Decreased IL-2 activity is found 
in patients with active as well as inactive SLE (117) and in 
relatives of these patients (126). A recent study quantifying 



IL-2 -producing lymphocytes following mitogen stimula- 
tion revealed a decrease that correlated with disease activ- 
ity (127). Thus, in human SLE, there may be an inherited 
predisposition to low IL-2 production, but this trait is in- 
tensified with the onset of active disease. 

Several mechanisms have been proposed to explain de- 
creased IL-2 production by mitogen-stimulated cells in 
SLE. These include: (1) decreased numbers of IL-2-pro- 
ducer cells, (2) dysfunctional IL-2 -producer cells, and (3) 
accessory cell defects or inhibitory serum factors. Although 
CD44- cells frequently are decreased in number during ac- 
tive SLE (discussed earlier), decreased IL-2 production in 
patients with normal percentages of CD4-h cells has been 
dociunented (120). 

Most workers agree that decreased IL-2 production is 
not the result of some intrinsic defect in the IL-2 -producer 
cell. Three nonmutually exclusive mechanisms may be op- 
erative. IL-2 production by CD4-I- cells may be inhibited 
by other lymphocyte subsets. Studies from our laboratory 
revealed that removal of radiosensitive CD8-f- cells nor- 
malizes IL-2 production in SLE, and the suppressor cells 
were identified as being activated (HLA-DR-h) CDS -I- T 
or NK cells (128-130). A partially characterized suppres- 
sor factor that is produced by CD 8-1- cells could substitute 
for intact cells (131). The activity of these regulatory cells 
very likely might reflect a normal feedback regulatory 
mechanism to downregulate IL-2 that is produced by 
chronically stimulated, autoreactive T cells (discussed 
later). 

A second mechanism to explain the decreased in vitro 
IL-2 production in SLE deals with the increased numbers 
of activated T cells in SLE (discussed earlier). Recently ac- 
tivated T cells are refractory to further stimulation. Indeed, 
resting SLE PBMCs for 2 or 3 days before stimulating these 
cells with phytohemagglutinin (PHA) plus phorbol ester 
normalized IL-2 production (118). Others have reported 
that the decreased IL-2 production correlated with in- 
creased surface expression of the MHC class n marker, 
HLA-DP; after culturing SLE lyniphocytes, decreased 
numbers of HLA-DP + cells correlated with increased IL- 
2 production (115). In contrast, two other groups also 
have reported that the addition of phorbol esters to PHA 
could correct the IL-2 defect in SLE (114, 120). Phorbol 
esters directly activate PKC and apparently bypass the re- 
fractoriness of activated SLE T cells. 

A third possibility is that decreased IL-2 production 
may result from inadequate costimulation following con- 
tact with antigen-presenting cells. One group has reported 
an antigen-presenting cell defect in approximately one-half 
of the patients studied (125). It has been reported that SLE 
T cells can respond normally to accessory cells transfected 
with B7 (132), and very recently it has been documented 
that B7 upregulation (CD80 and CD86) on SLE accessory 
cells is diminished (132a, 132b). 

A fourth mechanism involves serum factors. Antibodies 
in SLE serum have been described that inhibit IL-2 pro- 
duction by normal cells (133). Conversely, the levels of IL- 
2-inhibiting activity that normally are present in human 
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inimunity (173). Studies in our laboratory (performed in 
collaboration with Dr. Giorgio Trinchieri) have revealed 
[ significantly decreased IL-12 production by mitogen-stim- 
ulated lymphocytes and monocytes in patients with new- 
onset SLE (162). Notwithstanding its potent effect on cell- 
mediated immunity, IL-12 can have the opposite effect on 

- memory T cells. IL-12 also can provide B-cell help for com- 
\ plement-fixing antibodies (174). In fact, it is the most po- 
V tent cytokine to costimulate IL-2-dependent B-cell inmiu- 

- noglobulin secretion (175). Thus, the effect of exogenous 
; IL-12 on T-cell function in SLE is difficult to predict. 

' Type 2 Cytokines 

There is evidence for an increased production of some type 
2 cytokines in SLE, but one must emphasize that T cells 
may not be the principal source of these cytokines. 

IL-4 

In contrast to the substantial body of information regard- 
ing IL-2 and IFN-y in SLE, much less information is avail- 
~"able concerning IL-4. In our laboratory, we have not found 
IL-4 mRNA transcripts to be increased in freshly prepared 
lymphocytes; mitogen-induced IL-4 levels are normal and 
serum IL-4 levels not increased (136). Others also have not 
observed increased IL-4 gene expression (176), but one 
group has reported increased serum levels of IL-4 (177). 
The failure of most investigators to find increased IL-4 pro- 
duaion is not surprising, because in humans, this cytokine 
is elevated only in parasitic and allergic diseases that are 
associated with high levels of IgE (178, 179). 

/L-5 

This cytokine has not been investigated thoroughly in hu- 
man SLE. Of interest, NK cells can produce this cytokine 
(176), and it has recently been reported that NK cells also 
have the capacity to induce resting T cells to become un- 
munoglobulin-secreting cells (180). 

/L-6 

There is considerable evidence that IL-6 supports B-cell 
hyperactivity in SLE. Cultured SLE PBMCs spontaneously 
release increased amounts of this cytokine (181), and neu- 
tralizing anti-IL-6 antibodies decrease immunoglobulin 
production (176). T cells, B cells, and macrophages have 
been claimed as being the source of this cytokine (176, 
182-186). Recently, increased numbers of IL-6-secreting 
cells were documented in SLE; analysis of single cells re- 
vealed that macrophages were the principal source (158). 

One group has suggested that levels of IL-6 correlate 
with disease aaivity (187). Others, however, have not been 
able to document a correlation between in vitro levels of 
IL-6 and immunoglobulin production (185), and in a ret- 
rospective study, IL-6 levels and exacerbations of disease 
did not correlate (188). Although IL-6 also can be detected 



in the CSF, levels of this cytokine did not correlate with 
CNS disease in one study (157). 

In addition to SLE, high serum IL-6 concentrations are 
found in a wide variety of conditions, including bacterial 
infections, burns, and alcoholic cirrhosis (189). In these 
diseases, IL-6 stimulates the liver to produce the acute 
phase-reactant, C-reactive protein. This protein, however, 
usually is not increased in active SLE. 

Increased IL-6 production in SLE conceivably could be 
a consequence of autoimmunity. The principal nuclear au- 
toantigens are derived from nucleosomes (i.e., structures 
that are the product of cells undergoing apoptosis). It has 
been reported that exposure of SLE PBMCs to ultraviolet 
light induces keratinocytes in the skin to undergo apoptosis 
(190). Others have reported that nucleosomes induce the 
spleen of lupus mice to produce IL-6 (191), and in humans, 
one group has reported that exposure of lupus PBMCs to 
light induces IL-6 production (192). Because apoptotic 
cells generally are phagocytosed by macrophages, it is not 
inconceivable that following exposure to sunlight, IL-6 
could be produced by macrophages as a consequence of 
the phagocytosis of nucleosomal autoantigens. These cells 
also could process these autoantigens for presentation to 
autoreactive T cells. 

Responsiveness to IL-B 

Studies with IL-6 have provided evidence of a B-cell ab- 
normality is SLE. Although low-density B cells from 
healthy subjects did not respond to this cytokine, low-den- 
sity B cells from patients with active SLE directly differ- 
entiated into immunoglobulin-secreting cells without an 
additional costimulatory signal (193). While freshly iso- 
lated B cells from normal individuals do not spontaneously 
express IL-6 receptors, freshly isolated B cells from patients 
with SLE do express these receptors, which explains their 
responsiveness to IL-6 (194, 195). 

IL'10 

Spontaneous production of IL-10 is increased in both mu- 
rine and human SLE, and there is a strong possibility that 
elevated levels of this cytokine contributes to the initiation 
and perpetuation of this disease. In human SLE, the num- 
bers of IL-lO-producing mononuclear cells are increased 
(113, 158), IL-10 mRNA synthesis in PBMCs is increased 
(196), and IL-10 secretion into culture supematants is in- 
creased in short-term cultures of PBMC (162, 197). One 
group reported that both B cells and monocytes were the 
principal sources of IL-10 (197), while two other groups 
attributed this property to monocytes alone (113, 158, 
162). Although T cells also can produce this cytokine, 
IL-10 produced by non-T cells appears to predominate. 
Serum levels of IL-10 are increased in SLE, which may cor- 
relate with disease activity (198). 

IL-10 production is increased not only in SLE but in 
chronic infections (199) and acquired immunodeficiency 
syndrome (200) as well. In each of these diseases, this in- 
crease is presumably a feedback response to chronic im- 



mune stimulation. Because of the inhibitory effect of IL-10 
on IL-2, IFN-y, IL-12, and TNF-a (98-100), this cytokine 
may be responsible for defects in cell-mediated immunity 
in patients with SLE and these other chronic inflammatory 
diseases. 

In addition to this critical role in cell-mediated immu- 
nity, studies from our laboratory indicate that IL-2 as well 
as TNF-a and TGF-j3 are involved in the generation of 
lymphocytes that downregulate antibody production. We 
also have documented downregulation of TGF-jS by IL-10 
(86). Thus, elevated levels of IL-10 not only inhibit cell- 
mediated immunity but also may interfere with the critical 
regulatory circuit that is needed to terminate autoantibody 
production in SLE. 

In mice, the administration of anti-IL-10 to NZB/NZW 
Fl mice greatly delayed the onset of SLE (201). As stated 
earlier, IL-10 downregulates TNF-a production. Of sig- 
nificant interest, it was the upregulation of TNF-a that fol- 
lowed antagonism of IL-10 that was essential in delaying 
the onset of SLE. In human SLE, addition of IL-10 to SLE 
PBMCs markedly reduces spontaneous anti-DNA produc- 
tion (202). 

Other Cytokines 

IL'1 

Increased spontaneous release of IL-1 from SLE monocytes 
has been reported by several groups (184, 203-205), with 
one exception (206). In one study, increased release of IL- 
la and IL-1^ correlated with serum antibodies to ribo- 
nucleoprotein (203). In addition to monocytes, B cells can 
produce IL-1 as well as IL-6. It has been reported diatIL-1 
and IL-6 that are produced by SLE B cells sustain B-cell 
activity in an autocrine fashion (184, 192, 207), although 
others have reported that T-cell help is essential (19 20 
139,208), \ » ' 

In contrast to the increased spontaneous release of IL-1, 
the ability of monocytes or adherent cells to produce de- 
tectable IL-1 after stimulation is decreased in most patients 
with active disease (206, 209-212). In our laboratory, we 
found that decreased in vitro IL-1 production in SLE could 
be reversed by indomethacin, suggesting that prostaglan- 
dms might be responsible for decreased IL-1 production 
(213). Increased prostaglandin production by SLE mono- 
cytes has indeed been reported in SLE (211, 214), but this 
issue is not yet settled. Decreased IL-1 activity in vitro can 
be explamed not just by defective synthesis but by IL-1- 
receptor antagonists as well. Of note, monocytes that are 
stimulated by immune complexes produce an IL-l-recep- 
tor antagonist (215), so SLE monocytes, having been ex- 
posed m vivo to circulating immune complexes, may be 
prmied for the production of IL-l-receptor antagonist. 

TNF-a 



In humans and the NZB/NZW (Bm) mouse model of SLE, 
phenotypic polymorphism in TNF-a production appears 
to contribute to disease pathogenesis. Both the human and 
mouse form of the disease show a strong association with 



specific alleles of MHC gene products. TNF-a production 
by mouse macrophages in BA?7 mice is decreased, and the 
admmistration of recombinant TNF-a has an amehorating 
effect on the development of nephritis (216, 217). TNF-l 
also has pecuhar effects on human SLE B cells. While this 
cytokine is a growth factor in normal individuals, it inhib- 
its B-cell prohferation and spontaneous production of IgM 
in patients with SLE (218). 

Several groups, including our laboratory, have reported 
that in vitro production of TNF-a by stimulated PBMCs 
is decreased in human SLE (162, 210, 217, 218, 219). Pro- 
duction of TNF-a by both mitogen-stimulated macro- 
phages and lymphocytes was decreased (162). In response 
to mitogenic stimulation, SLE patients with MHC class II 
antigens HLA-DR2 and DQwl produce low levels of TNF- 
a, a phenotype that is associated with lupus nephritis 
(217). One group has reported that serum levels of TNF-a 
in SLE are normal or increased (220). 

The mechanism of action of TNF-a in SLE is unclear 
Although TNF-a protects B/W mice from renal disease^ 
this therapy does not decrease the titers of anti-DNA an- 
tibodies (216). Moreover, treatment with low-dose TNF- 
a accelerates renal disease and the mortahty rate (221). By 
contrast, the protective effect of anti-IL-10 in Bf^ mice is 
mediated by TNF-a. Administration of both anti-IL-10 
and anti-TNF-a block the effects of antagonizing IL-10 
(201). 

Although TNF-a may be protective during initiation of 
SLE, this cytokine may have die opposite effea at the sites 
of inflammation. Both IL-1 and TNF-a have been impli- 
cated in the pathogenesis of lupus nephritis (221). In- 
creased /L-l^ and TNF-a gene expression have been de- 
tected in the kidneys of mice with lupus nephritis. 
Unstimulated, isolated glomeruli from mice with autoim- 
mune lupus nephritis, but not control glomeruli, release 
TNF-a (222). 

TGF-p 

Recent analysis of TGF-jSl knockout mice (i.e., the mice j 
produce no TGF-)31) has revealed striking evidence of au- 
toimmunity similar to that in SLE. The sera of these mice 
contain elevated levels of predominandy IgG antibodies to 
single-stranded DNA (ssDNA), dsDNA, Sm, and ribonu- 
cleoprotem. Moreover, deposits were detected in the renal 
glomeruli of these TGT-jB knockout mice (223, 224). An- 
other group has documented that the introduction of 
TGF/3 genes into MRUlpr mice, by injecting plasmids con- 
taining TGT-p constructs into skeletal muscle, decreased 
autoantibody production (225). 

The finding that active TGF-)3 is an important cofactor 
in the induction of T-suppressor cell activity may be a sig- 
nificant advance in understanding the regidation of anti- 
body production, and it offers a new approach to eluci- 
dating the suppressor-cell defect in SLE. Significandy, we 
have found diat in response to stimulation, the production 
of aaive TGF-^ is decreased in SLE (86). Even so, the pres- 
ence of a least some of this cytokine may attenuate B-cell 
function. The addition of anti-TGF-)8 antibodies to SLE 
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PBMCs resulted in increased spontaneous immunoglobu- 
lin synthesis (226, 227). In our laboratory, we also have 
found that TNF-a can upregulate the conversion of latent 
to active TGF-^ (86). Therefore, this effect of TNF-or could 
contribute to the generation of T-suppressor cells. 



Immunoregulatory 
Abnormalities in SLE 

Percentage and Absolute Numbers of 
T-ceil Subsets 

Decreased numbers of T, B, and NK cells is a common 
manifestation of active SLE (228-233). Most patients with 
active SLE have total lymphocyte counts of less than 1000 
cells/mm^. Because of the relative decrease of lymphocytes 
in SLE in comparison to monocytes, the percentage of 
CD3+ T cells often is decreased in mononuclear cells prep- 
arations. The apparent percentage of T cells may be further 
decreased by the contamination of immature granulocytes 
„ that co-purify with mononuclear cells in patients with ac- 
tive disease. 

Within the context of T-cell lymphopenia, certain T-cell 
subsets may be affected more than others in SLE. Early 
reports indicated a relative decrease in CD8+ cells in SLE 
(234, 235). One group indicated that patients with sicca 
syndrome, CNS disease, lung disease, and muscle disease 
exhibit increased CD4:CD8 ratios (236). Other studies 
have indicated that the relative percentage of CD8+ cells 
is either normal or increased, and that CD4+ cells often 
are decreased in active SLE (237, 238). In such cases, the 
decrease in CD4+ cells results in an abnormally low 
CD4:CD8 ratio, a finding that frequently is observed in 
patients with severe lupus nephritis (236, 239). Cortico- 
steroid therapy preferentially decreases CD4+ cells and 
thus decreases the CD4:CD8 ratio (237). Decreased CD4+ 
cells correlate with antilymphocyte antibodies (ALAs) that 
are specifically reactive against this T-cell subset (240- 
242), and a strong relationship exists between high titers 
of ALAs, lymphopenia, and disease activity (228, 243- 
249). Within the CD4+ and CDS + T-cell subsets, CD28 + 
cells are decreased in SLE (250). 

In addition to alterations in the number or percentage 
of CD4+ cells, we reported an association between SLE 
and expression of a genetically determined variant of the 
CD4-f- molecule in Jamaican black individuals (251, 252). 
Whether expression of this variant CD4 molecule truly 
predisposes certain individuals to develop SLE or simply 
acts as a marker for some other SLE-predisposing factor 
remains unknown at present. 

CD4- CDS- (D ubie-negative) T Cells 
in SLE 

In addition to CD4+ and CD8+ T cells, there are small 
numbers of T ceUs that express neither CD4 nor CDS. 
These have been called CDS -h double-negative (DN) cells 



(112) and consist of two principal subsets. Two-thirds of 
these cells express TCRs that are comprised of y and 8 
chains, and one-third bear a and jSTCR chains (253, 254). 
Because CD3+ DN cells may develop outside the thymus 
(255), autoreactive DN cells may escape thymic deletion. 
Both ajS CD3+ DN cells and y8 CD3+ DN cells can pro- 
vide help for anti-DNA antibody production (256), and 
ajS CD3+ DN and yS cells are increased in patients with 
active SLE (123, 257). 

Naive and Memory T 
Lymphocyte Subsets 

CD4-h T cells with the naive phenotype (i.e., CD45RA+) 
were reported to be decreased in SLE (258-260). Because 
serum from patients with SLE contain autoantibodies 
against CD45RA, it was suggested that this subset, which 
has suppressor-inducer activity, was deleted (261, 262). 
Rather than a loss of lymphocytes, however, decreased 
numbers of CD45RAH- cells and a corresponding increase 
in CD45RA- cells likely reflect the maturation of T cells 
from the naive to the memory or activated state (37-40). 
Increased numbers of CD45RO+ T cells reflects increased 
T cell activation, which is a characteristic feature of SLE. 
At least some of these memory ceUs, which are more easily 
stimulated than naive cells, have the capacity to provide B- 
cell help for specific nuclear autoantigens (discussed later). 
Fortunately, antigen-specific suppressor-inducer cells also 
are derived from the CD45R0+ or memory-cell phenotype 
(263), which may counterbalance the autoantibody-pro- 
moting prochvity of helper-memory T cells. 

Evidence of Previous Activation 
In Vivo 

Blood lymphocytes isolated from patients with active SLE 
exhibit signs of previous in vivo activation. Examples of 
this include increased expression of MHC class II mole- 
cules, increased IL-2 -receptor expression, the release of sol- 
uble IL-2-receptor and TNF receptors into the serum, and 
increased frequency of circulating T cells having undergone 
somatic mutation (264, 265) (Table 10.5). Activated, but 
not resting, T cells express HLA-DR on their cell surfaces, 
and as much as 20% of T cells from subjects with active 
SLE are HLA-DR positive. Some investigators have re- 
ported increased CD4+ DR+ cells (266), and others have 
reported an increase in CD8+ DR+ cells (267). We and 
others have reported an increase in both CD44- DR+ and 
CDS+ DR+ cells (117, 268). Surface expression of HLA- 
DP also is increased in SLE ( 1 15). In addition, patients with 
aaive SLE have increased expression of proliferating cell 
nuclear antigen (i.e., cyclin) (269), a finding that is consis- 
tent with the observation of increased numbers of spon- 
taneously proliferating lymphocytes in SLE (270). 

Studies using radiolabeled IL-2 have revealed signifi- 
cantly increased levels of cell surface IL-2 receptor in pa- 
tients with active disease compared to those with inactive 
disease (147). Other studies using anti-IL-2 monoclonal 
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extent, interleukin-2 receptor expression and TLiSAI 

3. Increased levels of mRNA transcripts for interleukin-2 in 
unstimulated T cells. 

iTf nf '^'T °' '■nterleukin-2. soluble interleukin- 
2 receptors and .nterferon-r and tumor necrosis factor 
alpha (p55 and p75). 
5. Increased frequency of circulating T cells bearing somatic 
mutations in the HGPRT gene (the mutation rate is a 
function of cell division). 



antibodies that recognize the p55 component of IL-2 re- 
ceptor have mdicated that the increase in IL-2-receptor ex- 
pression IS more modest than the increase in HLA-DR-(- 
cells m patients with active SLE (117, 271). This probably 
•s because IL-2 receptors tend to disappear from the cell 
surface after chronic stimulation of lymphocytes 

Serum-soluble IL-2-receptor levels also are increased in 
SLE and some investigators have reported a correlation 
with disease activity (272, 273-278). Soluble TNF recer^ 
tors also are increased in SLE. Concentration of both the 
p55 (l e., type I and p7J (i.e., type n) soluble receptors 
were significantly higher in SLE, and diese values coSe 
lated with chnical activity (279). The release of sIL-2 rl 

Sl mo^^ Z''^^' f ^ -8"'«ed indepen- 

dently (280). Soluble CD8 levels also are increased in SLE 
(Linker), but two groups were unable to find a correlation 
of this marker with clinical activity (277, 278). 



mutation resulting in defective or absent Fas ligand . 
pression (293-295), develop generalized lymphadeno?"' 
thy in association with lupus-like features (296) S ' 
mice have unpaired deletion of self-reaaive B cells and . 

MRL-/pr///;r mice that are transgenic for the intact fas I. 
under the control of a T cell-specific CD2 Tromofe 
enhancer do not develop die lymphadenopa^hy, domen, 
lonephrms, or clinical autoimmunity that their' non^' 
genic httermates do (298). Aldiough Fas expression n" ; 

?299%0?wk''™^ ^"'^ ''"^^y be increased 
(299-301) the potential ramifications of the observation, 

hiZZl^'u ™" have bS 

highhghted by two recent reports that describe an assoc? 

ation m humans between fas mutations and clinical au ' 

immunity and/or ymphadenopathy (302, 303). Moreover" 

ated cells under appropriate conditions, has been repor^d 
(304) l!^T uV^VT\°^ '"^"5' P^"^"^^ w«h SLE 
(30? 30^. '"^ ''""''y •'^^^ ^'^^"^"ged 

Other structures may prevent apoptosis. Enforced ex 

(307-309). Mice that are transgenic for bcl2 under the 
control of an immunoglobulin ^-chain enhancer not oX 

globulm levels but also spontaneously develop autoanti- 
bodies and immune-complex glomerulonephritis (310). In- 
deed expression has been reported to be elevatedTn 
freshly isolated SLE peripheral blood T cells (301, 31 

the impaired demise of such cells may be a factor in the 
development of clinical autoimmunity. 



Antigen Recognition by " 
T Ceils 

Tolerance Induction 

Z JTu ^ *e T-cell repertoire and de- 

enon by negative selection appear to be in?act (282, 283) 
so rf,is defect does not appear to be in the intraiymic 

n^l^ H f P""'"'- several groups haveTe- 

poited defects in peripheral tolerance following challenge 

a'itSry" ^i'^-'^'^' nct'aSlloul 
agree (283). Mice with a genetic defect in the apoptosis- 

promotmg gene fas appear to have a defect in pSph° ral 
tolerance that ,s associated widi aging (286) ^^''^""^'^ 
Ai±ough analogous studies of tolerance induction in 
humans cannot be performed, structures that are i^olved 
P ogrammed eel death have been studied in SLE. pls-me 

ten aeatli (Z88-291). This is an important mechanism in 
peripheral tolerance Mice that are homozygou foS r 
Ipr, a mutation m the fas gene (292), or for gld^l pom" 



Antigen Specificities of Self-reactive 
T Cells 

t^nZf' i^""" °^ ^"'^ '"P°"«^ both 

u S^c l ''^^'^T'"^ determined by the class I and 

en^Tu u '"'"'^'5"^°^ '^elP" activity therefore is influ- 
enced by the expression of MHC alleles on antigen-pre- 
sentmg cells. For example, expression of HLA-DR3 is 
associated with decreased production of IL-1 and n.-2 
(313); expression of HLA-DR2 and DQwl correlates with 

ttiSi or'f^;^''''^ autoantibody timers, decreased p^o 
duction of -n^-or m vitro, and lupus nephritis (217): and 
expression of both HLA-DR3 and DQw2 correlates wfth 
detectable anti-Ro/SSA and anti-La/SSB antibodSs (S? 

Because the recognition processes of T cells for self- and 
foreign antigens are similar, one must consider whether 
anngen-presentmg cells in SLE aberrandy process self-an- 
tigens or whether there may be an increase in T cells that 
are capable of responding to self-peptides. Regarding the 
former possibdity. abnormalities of SLE monocytes have 
been described. Depletion of monocytes decreaVed and- 
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DNA antibody production in vitro, and adding the SLE 
IB^^ monocytes back into cultures increased production of this 
Hffl^: autoantibody (316). Regarding the latter possibility, there 
MbP^ ' is no evidence for the ohgoclonal expansion of T cells in 
fflg^^ human SLE as manifested by restricted usage of T-cell an- 
^^^E rigen receptor variable-region genes (317, 318). There is a 
il^^ -single report where restriction fragment length polymor- 
l^fe^ phism studies revealed an association between one frame- 
1^^: work gene encoding the constant region of the TCR-a re- 
Hg|: gion and SLE (319). 

BS^S; Although T cells from patients with lupus generally are 
|||^%. poorly reaaive to mitogens and antigens, autoreactive 
ffeli T-cell lines and clones that can augment anti-DNA anti- 
Bgl^ 1' body production have been developed and characterized 
flllllj (320, 321). Murine T cell clones that are MHC class H 
V restricted and provide B-cell help for IgG anti-DNA anti- 
|l; A; bodies have also been described. One group found that 
W^C:.: these clones expressed TCR and produced IL-4, but not 
|t^^':^^^ IL-2 or IFN-y (320).' Another group found that approxi- 

• mately one-half of these clones responded to nucleosomal 
|| : antigens that contained cationic residues (321). The CDR3 
tf .fe5> • ; loops of TCR ^ chains contained a recurrent motif of an- 
|||^— ionic residues, whereas the TCR a chains contained both 
anionic and cationic residues in their CDR3, suggesting 
fjg^ . . that these pathogenic clones probably recognize autoanti- 
llpjT gens witii epitopes of mixed charges (322). 

. Unlike the mice, almost all TCRa^ clones derived from 
f 15$'^ human SLE patients were CD4+; similar to die mice, the 
|if I? . expressed a recurrent motif of highly charged resi- 

mppy dues in their CDR3 loops. T-helper lines from four or five 
Is patients showed evidence of antigenic selection. There was 
f ^6? : ^ marked increase in the Va 8 gene family as well as iden- 
M&y'-- ^^^^[ " and^r j8 sequences. These clones responded 
I'^^ii either charged chromosomal proteins or nucleosomal 
p|^>- histone proteins presented by HLA-DR molecules (323). 

lis T-cell Lines and Clones 

ri||.; Human T-cell clones generated from the PBMC of patients 
I IS^^ with SLE or mixed connective tissue were found to react 
f 'Mi'' \ ^8^/^st uridine-rich, RNA-small nuclear ribonucleoprotein 
h0:i antigen (snRNP) antigen. Similar clones, however, were 
r||i?.- P^o^"ced from MHC genotype-matched normal controls, 
lift ^^^^ ^^^^ oligoclonal CD4+ TCR ap memory cells 
jig; : (324). Notwithstanding the impaired response of SLE T 
I v^-: > soluble antigens, a proliferative response to a ri- 

l^osomal P fusion protein recentiy has been reported (325). 

In addition to recognizing cellular constituents, there 
also is evidence in mice that antigen-specific T-helper cells 
r ; recognize determinants from the VH region of B cells, 
which produce anti-DNA antibodies. Immunization of 
BA?7 mice with either of three specific VH peptides in- 
' creased anti-DNA levels, accelerated nephritis, and de- 

creased survival. T cells that are immunized witii diese pep- 
tides produced either a THl or TH2 profile of cytokines, 
but adoptive transfer of either of these T cells accelerated 
I ; disease (326). Others have induced SLE syndromes m mice 
by immunization with specific anti-DNA antibodies (11). 



These observations suggest that anti-idiotypic T-cell re- 
sponses can enhance, and even initiate, SLE. 

Another approach to identify previously activated au- 
toreactive T cells in SLE has been to take advantage of the 
increased mutation rate of cells that have undergone fre- 
quent cell division in vivo. The frequency of these mutant 
T cells increases with the degree of immunologic stimula- 
tion, as reflected by the overall magnitude of disease, the 
number of flares, and the presence of photosensitive skin 
rash. Mutations were found in CD4+, CD8+, and the mi- 
nor CD3H- CD4- CDS- populations. When these T cells 
were cloned, a substantial number were able to provide 
help for autologous B cells to produce anti-ssDNA (264, 
265). 



T-Lymphocyte Function 
in SLE 



In the early 1970s, workers from several laboratories re- 
ported that patients with active SLE responded poorly to 
intradermal injected skin test antigens (6-8). This obser- 
vation was followed by numerous reports of abnormal de- 
feas in the T-cell proliferative responses to mitogens (327- 
330), to soluble antigens (331), and to MHC class II 
antigens on both allogeneic (332-334) and autologous an- 
tigen-presenting cells (335-337). Generation of antigen- 
specific, cytolytic T cells also was found to be decreased 
(338, 339). A partial summary of T-cell functional defects 
is presented in Table 10.6. 

In principle, T-cell functional defects could be explained 
by an inherent T-cell defect or by defects external to the 
abnormal T cell. In support of an inherent defect, impaired 
capping of membrane CD3, CD4, and CDS following in- 
cubation with the corresponding monoclonal antibodies 
was noted in T cells from patients with SLE (340). This led 
to identification of a defect in the cAMP metabolism of 
CD4+ cells in SLE (341), and this defect has been docu- 
niented in patients with inactive as well as active disease. 
Most recendy, this same group described deficient type I 
PKA isozyme activity in SLE T lymphocytes (342). Al- 
though these findings suggest some role for an inherent 
T-cell defect in SLE, the principal pathogenic defects ap- 
pear to involve those dealing with the way that antigen is 
presented to T cells and with the regulatory cells them- 
selves. Each step leading to T-cell effector function is re- 
viewed here. 

Early Activation Events 

Intuitively, T-cell effector function is the culmination of an 
ordered sequence of specific intracellular biochemical pro- 
cesses. Subtle alterations in these processes may lead to loss 
of or change in effector function. Several laboratories, in- 
cluding our own, have demonstrated normal-to-enhanced 
CD3/TCR-mediated proliferation of purified T cells in 
SLE (339, 344, 345), whereas CD3/TCR-mediated gen- 
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Table 10.6. T Lymphocyte Functional Activities 
In Vitro 



Function 



Proliferation 
mitogenic lectins 
anti-CD3 
anti-CD2 
soluble antigens 
allogeneic mixed 

lymphocyte reaction 
autologous mixed 

lymphocyte reaction 
response to interleukin 2 
Helper cell activity 
nonspecific 
antigen specific 
Suppressor cell activity 
con A induced 
antigen specific 
spontaneous inhibitors of 
IL-2 production 
Cytotoxic cell activity 
in response to allogeneic or 

xenogeneic antigens 
in response to hapten- 

modified antigens 
in response to anti-CD3 
in response to IL-2 



Activity 



decreased or normal 
decreased or normal* 
decreased 
decreased 
decreased 

markedly decreased 

decreased or normal 

decreased or normal 
decreased 

decreased or normal 
decreased 
increased 

decreased 

increased 

decreased 
decreased 



'When isolated T cells are used instead of PBMC, 
or increased. 



the response to aCD3 is normal 



c°^,°cf I:';'!' fy*°^3^c ^«'vity SLE was subnormal 
[Ziy, 338, 346). This dissociation of worww/ T-cell prolif- 
eration from subnormal T<ell cytolytic aaivity in SLE 
strongly suggests that multiple chains of intracellular bio- 
chemical processes coexist in parallel. SLE T cells, on ac- 
tivation, may trigger one chain of intracellular events, lead- 
ing to a normal response for a certain T-cell parameter 
but also trigger another chain of intracellular events, lead- 
mg to an abnormal response for a different T-cell 
parameter. 

Despite the obvious importance of intracellular second 
messengers to T-cell function in SLE, relatively little is 
known regarding their levels, generation, or regulation in 
bLt. Impaured calcium responses to PHA and anti-CD3 
monoclonal antibody in T cell-enriched populations with 
SLE have been reported (114), as have increased calcium 
responses to anti-CD3 monoclonal antibody (347). Rea- 
sons for diese disparate results remain unclear at present 
but diey may reflect the inherent complexity of CD3/rCR- 
tnggered calcium responses and the heterogeneity of pa- 
tients vnth SLE who are available for study. 

PKC activity in response to phorbol ester may be some- 
what lower in SLE T ceUs than in normal T cells (348) 
Generation of intraceUular cAMP levels in response to 
multiple stunuli is impaired in SLE PBMCs and T cell- 
emriched populations (348, 350), and PKA activity has 



been suggested to be abnormal in T cells from patients wit), > 
active SLE when compared to T cells from eidier normll ^ 
donors or patients with rheumatoid artiuritis or Sioeren' ' 
syndrome (351). s^'^ns 

The Proliferative Response to Soluble 
and Cell Surface Antigens 

With the exception of one early report (352), tiiere is gen 
eral agreement that lymphocyte proliferation in response 
to soluble antigens is decreased in patients with active SLE 
(8, 331). In retrospea, the difference in findings is probably 
related to disease activity. The reasons why the T-cell pro 
Iiferative response to soluble antigens in SLE is decreased 
to a greater extent than the response to mitogens are not 
well understood. 

T-cell responsiveness to both allogeneic and autologous 
lymphocytes is decreased in SLE (144, 332-334 353 

fiMTRrrmJ^Ti'^^T "^"'^ lymphocyte reaction 
(AMLR), CD4+ T lymphocytes recognize self-MHC class 
U antigens on non-T cells. They respond by secreting IL-2 
which promotes the proliferation of IL-2-receptor-positive 
T cells. Considerable precaution must be taken in setting 
up the AMLR, because foreign antigens contained in fetal 
calf serum (used as culture growth faaors) also can stim- 
ulate T cells to proliferate. However, with care, the AMLR 
can reflect a physiologic response that results in the induc- 
tion of B-cell differentiation and the activation of T-sup- 
pressor ceUs (354). Impaired AMLR in SLE may be caused 
by the mability of SLE T ceUs to produce adequate 
amounts of IL-2 (144). In addition, naive (i.e., CD45RA+) 
CD4+ T ceUs, which proliferate in response to self-anti- 
gens, are decreased in SLE (258-260). 

The Proliferative Response 
to Mitogens 

Most investigators have reported decreased proliferative 
responses of SLE blood leukocytes or mononuclear cells in 
vitro to mitogenic lectins (i.e., PHA, concanavalin A [Con 
A], and pokeweed mitogen) (8, 327-329, 355-361). The 
significance of these observations is unclear, however be- 
cause observers have been unable to correlate decreased 
mitogemc activity with clinical activity. Moreover, several 
^oups have reported normal responsiveness to mitogens 
(330, 360, 361), 

These discrepant results could be attributed to differ- 
ences m the patient populations that were studied, differing 
cell-preparation procedures, and differing culture condi- 
tions. Regarding the last possibility, factors that may ex- 
plam decreased mitogenic reactivity include inhibitory 
monocytes (355), hypergammaglobuUnemia (356), and in- 
hibitory antibody and nonantibody serum components 
(362-364). Along diese lines, studies conducted in our lab- 
oratory revealed that impaired mitogenesis in SLE was 
most easily demonstrated by comparing cells from patients 
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and control subjects cultured in a standard lot of human 
^ serum and in the presence of suboptimal doses of mi- 
togens. Decreased responses were observed, especially in 
those patients who were anergic to skin-test antigens. Al- 
though depressed mitogenic reactivity did not correlate 
with clinical activity, the degree of serum suppression was 
positively correlated with disease activity, and the principal 
serum- inhibitor was found in the IgG fraction (362). 

In addition to mitogenic lectins, the proliferative re- 
sponses to mitogenic anti-CD3 and anti-CD2 monoclonal 
antibodies have been examined. Although proliferation of 
unfractionated PBMCs to anti-CD3 monoclonal antibod- 
ies may be depressed in SLE (365), isolated T cells generally 
* exhibit normal to increased responsiveness in SLE (339, 
366, 367). Thus impaired proliferative responses of SLE 
PBMCs to anti-CD3 monoclonal antibodies appear to re- 
sult from an abnormahty in accessory (i.e., non-T) cells 
rather than from an inherent T-cell defea. 

The proliferative response to anti-CD2 also is depressed 
because of multiple defects (368), and we have confirmed 
this observation in our laboratory. As was the case for anti- 
CD3, we documented an accessory cell defect in the ma- 
jority of patients, because the defect disappeared following 
depletion of these cells. Although proliferation in response 
to anti-CD2 appeared to be exquisitely sensitive to pros- 
taglandin E2 (PGE2), we were unable to document in- 
creased PGE2 production by SLE monocytes. Most impor- 
tant, the addition of anti-CD28 also reversed the defect 
(369). Others have found that the costimulatory effect of 
anti-CD28 markedly enhanced the capacity of patients 
with active SLE lymphocytes to produce IL-2. (250). This 
defective proliferative response to anti-CD2 in SLE may be 
important, because we recently demonstrated that signal- 
ing through this pathway selectively triggers the TGF-j8- 
dependent suppressor-cell pathway (86). Anti-CD2, but 
not anti-CD3, has this capacity as only the former stimu- 
lates NK cells (discussed later). 

The markedly enhanced T-cell proliferative response to 
anti-CD3 and anti-CD2 following monocyte depletion 
suggests that T cell-accessory cell interactions are impaired 
in SLE. Several pairs of receptor/coreceptor pairs on T cells 
and accessory cells that are crucial to T-cell costimulation 
have been identified, including CD2/CD58 (LFA-3), 
CDlla (LFA-1)/CD54 (ICAM-1), and CD28 or CTLA-4/ 
CD80 (B7,l) or CD86 (B7.2). Blockade with specific 
monoclonal antibody or soluble fusion proteins of the re- 
ceptor/coreceptor interactions can inhibit T-cell prolifera- 
tion, T cell-dependent B-cell differentiation, and/or induc- 
tion of T-cell cytolytic activity (55, 370-378). At present, 
it is unclear whether the basis of the putative defea in T 
cell-accessory cell interactions can be attributed to de- 
creased expression of any of these costimulatory mole- 
cules. Indeed, expression of CDlla and CD54 are 
increased in SLE (379, 380), and increased T-cell CDlla 
expression has been associated with the development of 
autoreactivity (380). CD80-delivered signals to SLE T cells 
do result in normal enhancement in anti-CD3 -induced 
T-cell proliferation (381), but the role of CD86:delivered 



signals and actual expression of CD80 and CD86 on SLE 
accessory cells remains to be fully clarified. 

T-helper C II Activity in SLE 

Although there is considerable evidence of increased T-cell 
activation in vivo, T-helper cell activity in vitro induced by 
pokeweed mitogen is either decreased (16, 382) or normal 
(383, 384). T-helper cell activity induced by specific anti- 
gens is decreased m SLE. Unlike normal lymphocytes, SLE 
cells that are immunized in vitro with trinitrophenyl poly- 
acrylamide beads were unable to generate antigen-specific, 
antibody-forming cells. SLE B cells responded when co- 
cultured with normal T cells, but SLE T cells were unable 
to provide help for normal B cells (385). The abiHty of SLE 
T cells to support B-cell colony formation also is defective 
in SLE (386). Again, the failure of SLE T cells to respond 
normally to mitogens or antigens may be explained by the 
fact that in vivo-activated T cells respond poorly to sub- 
sequent in vitro stimulation. Alternatively, regulatory cells 
that are generated by chronic antigenic stimulation in vivo 
may inhibit T-cell aaivation in vitro (129). Importantly, 
the T-cell helper defect in SLE may not prevent the devel- 
opment of essential memory responses. Although primary 
antibody responses may be depressed, secondary responses 
are normal (387, 388). 

T-suppressor Cell Activity 

During the 1970s, assays to measure T-suppressor activity 
were developed (389), and numerous investigators re- 
ported a defect in SLE (390-406). Here, "suppressor" ac- 
tivity was generated in vitro by culturing mononuclear cells 
with Con A, and the effects of these activated cells on other 
lymphocytes were determined. A T-suppressor cell defect 
in first-degree relatives of patients with SLE was docu- 
mented that correlated with increased levels of 16/6, which 
is a cross-reactive idiotype of monoclonal anti-DNA anti- 
bodies (407). This observation reinforced the notion of a 
genetic predisposition to SLE; however, the relevance of 
Con A-induced suppression to the regulation of antibody 
production in SLE has been seriously questioned, and so 
has the entire issue of "suppressor" cells. 

Nonetheless, CD8+ and NK cells from patients with 
active SLE often are unable to downregulate polyclonal 
immunoglobulin synthesis (389, 139) and autoantibody 
production (20, 139). Previously, DNA-induced antibody 
synthesis was analyzed in a pair of identical twins who 
were discordant for SLE; only B cells from the SLE co-twin 
could produce anti-DNA antibodies. Addition of the SLE 
co-twm's T cells to her own B cells promoted anti-DNA 
antibody production induced by calf thymus DNA. On the 
other hand, T cells from the unaffected co-twin did not 
promote anti-DNA antibody synthesis unless CD 8+ cells 
were depleted. This finding suggested that the healthy co- 
twin had anti-DNA-specific T-helper cells, but that they 
were kept nonfunctional by CD8+ suppressor cells (20). 
Studies from our laboratory revealed the surprising ob- 
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seryanon that CD8+ DR+ T cells supported polyclonal 
&7tru ^ concentrations added 

DNA r l ^^ themselves were unable to sustain anti- 

ceils to CD4+ cells was necessary to support autoantibody 
production (139). These observations point to dysreS 
tion of bodi CD8+ and NK cells in SLE. ''^"^^'^ 
As described earlier, cross-talk between CD8+ and NK 
ceUs m healthy individuals induces the active form of TGF- 
ft which serves as a critical costimulatory factor for the 
K of TCP I-^"PP^«''0': effector cells (109). Although 
r T ^^P^^' ^ SLE following ?: 

'"'^ conversion of 

±e latent complex to active cytokine is decreased in SLE 

CD8+ TrJl '"^""^"^ '° containing 

»l n u V'^J' suppressive activity (Horwitz et 

-^ies require^ 



T-cell Cytotoxic Activity 



The importance of intact generation of T-cell cytolytic ac- 
munologists whorecognized the central role of cytotoS: 

ru rii^of " ^"^^ "'^"^ ^'^^ °^ infectious 
ru.es and of mcipient tumors. Besides the abnormahties in 

S^e'j:^nd°ent' ^""^'^.^T^^d ^^ter, abnormahties in 

repon^dTsLr ''^"^ '^^^^ 

reported in SLE. These mclude unpaired pokeweed mito- 

(IS 4oI» fn^ °'" ^nog^neic target 

£ (339 346^r^^^^ anti-CD3-driven cytolytic activ- 
ity (339 346). The latter reports may be especially impor- 

ta^dl^Sr" ""^'.^r^'^"^' -'^ch Acti- 
vate all T cells, could lead to normal T-cell proHferation in 

SLE despite <7&„om^/T cell-mediated cytolytic acS S 
monozygotic twins discordant for SLTthe'^deLc L 

CO twms (287) suggestmg that the CTC defect truly an- 
tedotes onset of chnical disease 

csus from the otkcr parenal strain (DBA) resulted in »„ 

s™"refcr'^7''*'^'''=~-«^^^^^ 

ai-ii. in either case, mfused parental CD-I- T heloer celll 
because activated, so differential aaivation of CD4+ T 
cell could not explain the dichotonous outcomes Fmther 

tne SLt-like OVH reaction than in the non-SLE-like GVU 
reaction, and that elimination of CD8-H T cdls p e^.^ 
abb^ contaimng the relevant CTLp) derived from pa^ 
befo e moculation of the F. recipients also resSted L an 
SLE-ldce response (410). Tlus, based on this m^e G\S 



St ' . > °^ ^'^"^""^ polyclonal T celkn, 

diated cytolytic response may be an important comrii?^: 
mg factor to the development of SLE contnbut. 

Patients with SLE, never having received foreign ti« ' 
obviously do not experience GVH reactions pTse 
ertheless polyclonal T-cell activation leading to autnrf 
uvity and help for autoantibody producticJ. 
following exposure to environmental infectious agents 
compellmg argument has been offered for the rok of t,^. 
crobial superantigens (which, like anti-CD3 nSm>fc 
antibodies, activate T cells via surface CD3/rSRs) 3 
riggermg of polyclonal T-cell autoreactivity, wWch It' 
the proper setting could result in SLE (41 1) T^us 
served m vitro defect in anti-CD3-induced pSrycltf 
cell-mediated cytolytic activity may reflect siLlL in wj? 
defects m generating polyclonal T cell-mediated cnol^ 
aaivity, resulting in dysregulated polyclonal ^ceSlTefc 
activity and predisposing to the development oflu ^' 
Importantly as Ipr mice age, NK1+ T and non-f cell,' 
(analogous to human CD56+ T and non-T cells) disan^f ' 
concomitant with development of clinical au oiS?' 

Treatment with anti-NKl antibody of young micT^rS- 
heir manifesting clinical disease hastens dfvdo^S 
autoimmunity, whereas adoptive transfer of NkT+ ceU; 
delays the onset of autoimmunity (412). These obser^ * 

S-^ S56^> T""'^ P"""" ^"'^ function 
JMKH- (CD56+) T and/or non-T cells is inteeral fo 

prevention of clinical autoimmunity. Of notri?"io a 3 

CD56-h m .!fr"'°? ^"'^ •^°'>^'c function oS 
?rF 1 -P T ^'f fr^q^ently impaired in human ^. 
SLE despite normal total T cell expansion (287). By anal • 
ogy to the presumed role for NKl + cells n mke L p" .1 
venting automununity, tiie defect in generation and cJto-' 

iSofnJr ^^l""^ P'^y ' predispo?4 
and/or padiogenetic role in human SLE. f 

i 

Serum Inhibitors of T-cell Function 1 

SLE sera inhibit lymphocyte proliferation in response to( 
mitogenic lectins (356, 362. 363). soluble antigens (242). t 

Seii nfriVSi'^^'i"' autologousVc an^l- 

tigens (333. 414-417). These sera also blc^k the genera- 1 
tion of cytotoxic T cells (338) and interfere witi. Stigen 1 
presentation by macrophages (418). Much of this inhibi-r 
ST? ^ "'"•''f'^ '° ^nd IgG antibodies, ^ 
^ks\?F A^f "^""""^ lymphocyte cell surface mole- ^ 

s^ondv fh "^"^ "^'t ^'^^^'^'^ lymphocytes more : 
strongly than restmg lymphocytes (242, 419, 420). IgG 

^^IaT^'^'T^'''''^^ ^nd aaivity (415, . 

Ivmnh?^ ^ niitogen- and mixed ' 

lymphoq^e reacnon (MLR)-induced proliferation (353, 

fhh i ^2^' ^"'l preferentially inhibit 

AIL '^^Ponse to soluble antigens (242) 
Although mitially reported only to react widi T-sup- ' 

'^^/S?'^'^^'^'^^"-i^bothCD4+3 ■ 
CD8+ cells (240, 424) and actually appear to react pref- ' 
«««.allywitiiClM+cells(241).S.ihr^^^ I 
result m altered CD4:CD8 ratios, leading to altered im- ^ 
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> mune function. In addition, IgM autoantibodies that are 
reactive with the membrane tyrosine phosphatase CD45 

/: molecule have been described in SLE (425, 426). These 

'S, antibodies preferentially react with the high-molecular- 
i . weight CD45RA isoform that is expressed on naive T cells 

v^^ (29). Such autoantibodies may interfere with T-cell signal 
transduction. Autoantibodies against the MHC class I-as- 
sociated beta2-microglobulin (427) and MHC class II mol- 
ecules (415) also have been described. Such autoantibodies 
could inhibit T-cell function by blocking cell-to-cell 
\ interactions. 



The Role of T Cells in the 
Initiation of SLE 



A proposed sequence of events leading to the various SLE 
' ] syndromes are outlined in Fig. 10.7. 

Genetic factors 

"Genetic factors predispose certain individuals to develop 
SLE. In mouse lupus, at least six chromosomal loci have 

. been identified (428, 429). One of these genes is in the 
MHC on chromosome 17 in mice and chomosome 6 in 
humans. These genes shape the T-cell repertoire and reg- 

; ulate the antigens that are presented to T ceils. Although 

; the MHC class II gene products HLA-DR2/DQwl and 
DR3 have been linked with increased susceptibility to cer- 

" tain SLE syndromes, the specific gene that is responsible 
for this susceptibility has not been defined as yet. In mice, 
there is evidence to suggest a role for specific MHC class I 
genes (430). MHC class HI genes also are candidates, in- 
cluding the genes for C2, C4, and TNF-a. Individuals with 
deficiencies of early complement components have an in- 
creased susceptibiUty to SLE (430), which perhaps is re- 
lated to an impaired ability to clear immune complexes 
from the circulation. Patients with lupus who possess 
HLA-DR2/DQwl have low TNF-a production and in- 
creased susceptibility to develop nephritis within the first 
5 years after diagnosis (217). 

As stated earlier, CD 8+ lymphocytes have an impaired 
ability to become killer cells in SLE. The observed in vitro 
defect in anti-CD3-driven CTL activity in SLE (339, 346) 
may reflect similar in vivo defects in generating polyclonal 
CTL aaivity, resulting in dysregulated polyclonal T<ell 
helper aaivity and predisposing to the development of 
SLE. Indeed, the CTL defea in SLE is independent both of 
disease activity and of immunosuppressive medications 
(346). Moreover, as discussed, in monozygotic twins who 
are discordant for SLE, the defect often is detectable in the 
clinically healthy co-twins (287), raising the possibility that 
the CTL defect in SLE may be inherited. These individuals 
may have an increased risk of developing SLE if they are 
exposed to one or more inciting environmental factors. 
Whether these putative inherited faaors are MHC gene 
products remains to be determined. 



Role of Infectious Agents 

Infectious agents can act as the trigger factors to induce 
polyclonal B-cell activation and autoimmunity. A compel- 
ling argument for microbial superantigens has been offered 
in triggering polyclonal T-cell helper activity, which may 
result in SLE (413). Microbial superantigens, like anti-CD3 
monoclonal antibodies, activate T cells via surface CD3/ 
TCR. Certain bacteria such as staphylococci, streptococci, 
and mycoplasmas bear structures called "superantigens" 
that simultaneously bind to specific structures on the vari- 
able (V) region of the TCR P chain and to the class 11 MHC 
molecules of antigen-presenting B cells. Therefore, these 
structures bring CD4+ cells into close contact with B cells. 
Such bridging of T and B cells by microbial superantigens 
can induce polyclonal IgM and IgG formation. Moreover, 
specific autoantibodies may be produced if there also is 
concurrent crosslinking of the B-cell receptor by autoan- 
tigen (413). 

Antibody production induced by T cell-dependent B- 
cell differentiation (380, 432) appears to be regulated 
by mechanisms involving the killing of B-cell targets by 
CD4+ and/or CD8+ T cells (433) and suppression by 
CD8+ cells (109). Moreover, as documented for HIV 
(433a) but likely also the case for other viruses, T cells 
can become potent, unrestricted helpers for immuno- 
globulin production following their infection with cer- 
tain viruses and incorporation of the viral genomes. In 
either of these two scenarios, under in vivo physiologic 
conditions, T cells would be activated through antigen- 
independent. 

In addition to triggering polyclonal T cell-dependent B- 
cell differentiation, persisting infectious organisms induce 
a chronic inflammatory reaction. This creates conditions 
that are suitable for a breakdown of self-tolerance and the 
induction of autoimmunity by three mechanisms. First, the 
adjuvant-like effects of the organisms persisting in the in- 
flammatory exudate can stimulate lymphocytes and mac- 
rophages that are present to secrete cytokines such as IL- 
2. This potent T-cell grovnh factor has the capacity to 
convert anergic self-reactive T cells into T cells that are 
fully capable of responding to nuclear and cytoplasmic an- 
tigens. Second, these self-antigens would be immediately 
available for presentation to T cells. Macrophages in the 
inflammatory exudate will phagocytose dead cells, and 
both cytoplasmic and nuclear proteins from these dead 
cells will be degraded and some of the processed peptides 
complexed to MHC class n molecules for presentation to 
the self-reactive T cells. Third, regulatory cells that gener- 
ally are capable of preventing autoimmunity become dys- 
functional as a consequence of the sequelae of chronic 
inflammation. 

In addition to infections, certain drugs are other envi- 
ronmental agents that can cause lupus-like syndromes. 
Some drugs are capable of converting anergic, autoreactive 
T cells to immunocompetent ones through a mechanism 
involving DNA methylation. Inhibitors of DNA methyl- 
ation induce gene expression, and it has been reported that 



drugs such as procainamide and hydralazine induce self- 
reactivity in cloned T-cell lines by this mechanism (380, 
434, 435), 



The Nature of Autoantigens in SLE 

The antigen that is responsible for the initiation of SLE 
remains in doubt. Features of molecules that induce au- 
toantibodies in SLE are their highly charged nature, such 
as RNA, DNA, or histones, or their highly repetitive na- 
ture, such as cell surface carbohydrates. Although SLE is 
characterized by anti-DNA antibodies, native mammalian 
DNA is a poor immunogen. Even purified denatured DNA 
that is complexed to an immunogenic carrier protein does 
not induce antibodies to native DNA (436, 437). Bacterial 
DNA, however, can induce anti-dsDNA antibodies in non- 
inmiune mice (438), and DNA-protein complexes can trig- 
ger pathogenic anti-DNA antibodies in SLE. DNA that is 
bound to histone or complexed to other proteins is, in fact, 
a common target of autoantibodies in SLE (439, 440). 
Anti-DNA antibodies that are similar to those detected in 
human SLE have been raised in nonautoimmune mice im- 
munized with a human DNA-protein complex that is pres- 
ent at high levels in the circulation of patients with SLE 
(441), and certain nucleoprotein fractions isolated from 
immunoblots also can stimulate SLE T cells (442). 

There is increasing evidence that nucleosomes may be 
the fundamental immunogen (436). Conformational epi- 
topes on native chromatin and the (H2A-H2B)2-DNA sub- 
nucleosome induce specific antibodies, which then spread 
m a stepwise manner to include IgG antihistone and anti- 
native DNA activates (443, 444), which may be comple- 
ment fixmg. Nucleosomes typically express cationic resi- 
dues that bind to complementary-charged domains of TCR 
that are expressed by autoreaaive T cells (321, 322). Thus, 
the epitopes that T cells recognize are peptide fragments of 
the proteins that are complexed with DNA or histones in 
nucleosomes. 

Drugs also can induce lupus syndromes by causing 
DNA damage and releasing altered nucleosomes (445) in 
addition to inhibiting DNA methylation as described ear- 
lier (380, 434, 435). Studies of apoptotic kerarinocytes 
have revealed blebs containing nucleosomes and spHceo- 
somes which bear most of the predominant SLE autoan- 
tigens (190, 191). These structures are subject to oxidative 
modification. Following phagocytosis and processing by 
antigen-presenting cells, die altered epitopes may be ren- 
dered strongly immunogenic for nontolerant CD4+ T 
cells. 



B Cells as Autoantigen-presentina 
C lis In SLE 

Persistent T-cell activation and/or polyclonal B-cell acti- 
vation and impaired regulation of antibody production 
(discussed later) set the stage for the breakdown of T-cell 



tolerance and generaUzed autoimmunity. Because B cell 
that are reactive to self-nuclear and certain cytoplasmiJ 
antigens are not fully deleted, these cells are prime candi 
dates for being the cells responsible for the breakdown of 
self-tolerance. The repetitive structure of SLE autoantigeru 
crosslink immunoglobulin receptors on nondeleted, self 
reactive B cells. For example, B cells can bind DNA, which 
then endocytose die DNA-DN A- binding protem complex 
B cells then process this complex and present the relevant 
peptides to T cells. This reaction normally would result in 
T-cell anergy, because resting B cells cannot provide the 
required costimulatory signals that are needed for activa 
tion. Activated B cells, however, can deliver this costimu- 
latory signal and trigger certain T cells to become fully 
responsive to self-antigens. Alternatively, activated T cells 
can induce resting B cells to become responsive. This is the 
case in GVH disease, where activated donor CD4+ cells 
can provide this second signal to permit B-cell activation 
and trigger autoantibody production (446, 447) (Table 
10.8). Either of these situations therefore permits the de- 
velopment of expanded clones of autoreactive T cells and 
memory B cells that are capable of making specific auto- 
antibodies. As stated, once memory cells have been gen- 
erated, the opportunity for further autoantibody produc- 
tion is substantially increased. \ 
The genes encoding many IgM anti-IgG and low-affin- t 



Table 10.7. Initiation of Systemic Lupus 
Erythematosus 

1 . Genetic Major histocompatibility complex 

predisposition i class II susceptibility alleles (for 

autoantibodies) 
Deletion of genes encoding serum 

complement components 
Female sex hormones. 
Regulation of cytotoxic T cell 
activity 

Infectious agents, sunlight, drugs, 
or other environmental trigger 
factors 

Failure to eliminate inciting agent 

(virus or bacteria) 
Chronic inflammation with loss of 
regulatory CD8-I- T cell activity 
Increased lymphocyte apoptosis 
resulting in increased challange 
of nuclear autoantigens 
Increased polyclonal B cells 
activity 

Reversal of clonal anergy and 
activation of self-reactive 
autoaggressive T cells because 
of defective suppressor cell 
activity 

Pathogenic autoantibodies and 
immune complexes. Onset of 
clinical disease 



2. Inciting factors(s) I 



3. Persistant immune 
response i 



4. Breakdown of 
tolerance 

(nonresponsiveness) 



' iry, cross-reactive nuclear autoantibodies are transcribed 
, direcdy from germline and are highly conserved in phylog- 
eny. It has been proposed that the role of B cells with sur- 
face IgM anti-IgG may be to capture immune complexes 
r bearing infectious agents, thus serving as antigen-present- 
^\ ing cells for T cells (448). These autoantigen-specific B cells 
; do not generally produce autoantibodies. In normal indi- 
viduals who are exposed to intense immunologic stimula- 
tion, these cells may transiently produce IgM autoantibod- 
ies. In individuals who develop SLE, however, T-cell help 
induces a switch to IgG-autoantibody-producing cells. 

Impaired Function of CD8+ and Other 
Regulatory T Cells 

The developmental defects of CD8+ T-cell regulatory and 
effector cell activities undoubtedly are critical factors in the 
pathogenesis of SLE. The lupus-like syndrome resulting 
from chronic GVH disease in mice is a particularly illus- 
trative example of the importance of CD8+ T cells (410) 
and is supported by older studies of murine chronic GVH 
reactions as well (446, 447, 449, 450). In addition, besides 
their cytotoxic activities, the regulatory properties of 
CD8+ T cells also are aberrant in human SLE. These cells 
inhibit IL-2 production and provide B-cell help (128, 139). 
Until recently, the sequence of events leading to the gen- 
eration of T cells that downregulate antibody production 
were poorly understood. Studies from our laboratory, 
however, have suggested that TGF-)3 is a critical cofactor 
for the generation of these cells, and that an interaction 
between activated NK cells and CD 8+ cells provides the 
active form of TGF-)3 for CD 8+ cells to develop suppres- 
sor effector activity (decribed later). Therefore, the fmding 
that patients with SLE have a defect in their ability to con- 

Table 10.8, Generalized Autoimmunity in SLE 

1. IgG autoantibodies which are directed against self- 
antigens structures that can cross-link B cell Ig receptors. 

2. These self antigens include: cell surface molecules such 
as CD4 or CD45; intracellular molecules with a repetitive 
structure, such as DNA; and highly charged molecules 
with a repetitive structure, such as the phospholipid target 
of the lupus anticoagulant. 

3. In normals, binding of these self-antigens to B cell 
receptors induce nonresponsiveness. 

4. In SLE, activated CD4-H T cells bind to resting self-reactive 
B ceils and provide the co-stimulatory signals that trigger 
autoantibody formation. Alternatively, activated B cells 
function as fully competent antigen-presenting cells and 
induce resting autoreactive T cells to become specific 
helpers for autoantibody production. 

5. Microbial superantigens are likely agents that bring CD4+ 
T cells and B cells into close contact and induce T cell 
activation. 

6. In the absence of functional regulatory cells, 
autoantibodies will be produced. 



vert the latent complex of TGF-jS to its aaive form may 
be important. 

Without functional suppressor cells, the adjuvant afters 
of microbial infections might permit naive autoreactive an- 
ergic on "ignorant" (see above) T cells to undergo clonal 
expansion and become memory T cells. In fact, T cells that 
provide specific help for anti-DNA antibody production in 
SLE display the memory phenotype (21). Because memory 
cells have a low threshold for activation, subsequent ex- 
posure to nucleoprotein antigens along with the appropri- 
ate costimulatory factors can precipitate the onset of au- 
toimmune disease. 

Through a combination of genetic and environmental 
factors, therefore, there is a loss of tolerance to certain 
nuclear and cytoplasmic antigens, and specific T cells 
emerge that have the ability to provide B-cell help for a 
panoply of autoantibodies. Although the initial self-anti- 
gen that is recognized may be very specific, the phenome- 
non of epitope spreading with presentation of cryptic 
peptides by B cells broadens the original response. 
Recruitment of other nontolerant self-reactive T cells 
broadens the response even further and leads to general- 
ized autoimmunity. Ultimately, B cells produce IgG auto- 
antibodies that are often complement-fixing. At the onset 
of disease, therefore, antigen-stimulated T cells which pro- 
duce IFN7 may be activated to provide the help required 
for these IgG antibodies. In estabhshed human SLE and 
some mouse models, T cells producing IFN7 are down- 
regulated, however, as a consequence of chronic immune 
stimulation. Other mechanisms are involved in the perpet- 
uation of SLE. 



T Cells In the Perpetuation 
of SLE 



Increased Antigen Load 

It has long been known that concentrations of DNA are 
increased in the serum of patients with SLE (452-454). 
Nucleosomes probably are the source of this DNA. Evi- 
dence has been reviewed earlier indicating increased num- 
bers of activated T cells in patients with SLE. Activated 
cells are more susceptible than resting cells to the induction 
of apoptosis (455, 456). Lymphocytes isolated from pa- 
tients with SLE undergo spontaneous apoptosis in culture 
at a faster rate than lymphocytes from normal or rheu- 
matoid arthritis control subjects do. This accelerated in 
vitro apoptosis correlates with disease activity (457), sug- 
gesting that in fact, the in vivo-activated cells undergo ac- 
celerated in vitro apoptosis. Such activation-initiated in- 
creased apoptosis (assuming that the in vitro observations 
faithfully reflect the in vivo events) might be a source of 
nucleosomal material to sustain ongoing pathogenic au- 
toantibody responses (457). 

Increased circulating DNA in SLE not only can be ex- 
plained by increased lymphocyte apoptosis but by de- 



normaUy are quickly removed by phagocytic ceUs and 

snRNPs, some histones, and membrane phospholipids. 
Phagocytic defects and decreased levels of CRP are well 
gubhshed in SLE (188, 458-460). Treatment of nS 
NZW Fl mice widi CRP decreases autoantibody forma- 
tion and increases survival (461). 



Altered Cytokine Homeostasis 



One consequence of active SLE, and the consequence of 

^nm^TK^^^T"'""' ^^^^^'^'^ IL-10 production (199. 
200). This is a homeostatic response to downregulate mac- 
rophages and lymphocytes that are activated by persistent 
immunologic stimulation. Among 'the cytokines that are 
downregdated by IL-10 are IL-2. TNF-a, and IFN-y (99 
100). Each of diese cytokines have been considered to have 
' ' f generation of lymphocytes that 
downregulate antibody production. Moreover, recent 
studies performed in our laboratory have revealed that IL- 
10 nJiibits the production of both latent and active TGF- 
P{86). As reviewed earlier, there is strong evidence diat 
TOT-a has a protective effect in lupus mice and in the 
development of lupus nephritis in humans, but the mode 
of action for this cytokme is has remained elusive. We have 
ITiX'tc/^™^-" T'''^ ly-Phocytes to co" 
Znln^^r '° "'T ^J^'^h could be 

unportant m SLE as these individuals' lymphocytes have a 
defec^ve capacity to perform tins activity. One attrac^ve 
possibility therefore is that the protective role of TNF-a 

Table 10.9. Perpetuation of SLE 

^' SlHrHif ?!f' ''^ ®''P^"<^®'^ ^ B memory 

cens are directed against self antigens in which tolerance 
has been broken. 

2. Because of T cell dysfunction, CD8+ T ceils and NIK cells 
provide help for B cells instead of down-regulatL 
antibody production. ^ 

^' ah.nntT'''T^^'°!^ (mononuclear 
phagocyte system, idiotype networks, etc.). 



FIGURE 10.1. Regulation of antibody 
production in normal subjects and in pa- 
tients with SLE. In healthy individuals an- 
tigen-stimulated CD4+ T lymphocytes'pro- 
vide help for antibody production. CD4+ T 
cells also are involved in the generation of 
regulatory CD8+ cells, but by themselves 
they cannot perform this function TGF-B 
provided by NK or other cells is an impor- 

function 

(109). In SLE, CDS-t- cells inhibit IL-2 pro- 
duction. The "cross-talk" between CD8+ 
cells and the cells which provide TGF-B 
does not occur. Jagged arrows indicate 
suppressor activity. 



Restoring Normal Homeostasis 

Once SLE is induced, it must be sustained by one or more 
clones of autoreactive memory T ceUs d.at can respond S 

ble 10.9). As mdicated earlier, such autoreactive T-cel| 
clones normally are downregulated through suppressor 

r SO QO' ; "^^'f ".'T 'ly^f^nctional in ^ 
uve SLE (20, 462). A smiplified model of the pathologic 
munune circuit m SLE is shown in Figure 10.1 ai?d is ba°?d 
on recent studies performed in our laboratory (discussed 
earlier). In healthy individuals. CD4+ cells, f7c£ ed by 
the generation of active TGF-)8, induce CD8+ T-suppres- 
sor cells Among several possible sources, this cytokine s 
produced following an interaction between activated 
^8+ cells and NK cells, h SLE, however, CD8+ and 
NK ceUs support, mstead of suppress, B-cell function In 
our yiew. this is a consequence of inadequate help beine 
provided by CD4+ cells (i.e., insufficien?IL-2) and poof 
cross-talk between CD8+ cells and NK cells that resuC 
the failure to generate active TGF-/3. Lack of this cytokine 
may be critical m the dysfunctional aaivities of CD 8 -h 

Disruption of die interaction between activated CD4+ 
cells and autoantibody-producing B cells is a potential 
strategy to consider in the treatment of SLE. The interac- 
tion between CD40 expressed by B cells and CD40L ex- 
pressed by activated T cells is a critical signal for B-cell 
difterentiation, as discussed earlier (58, 59). A brief treat- 
Sol T f'^ ' "monoclonal antibody against 
(463) ^""^ "'^'"'^ °^ lupus nephritis 

One would predict diat the interruption of pathologic 
circuits and restoration of normal immL function wodd 
correlate widi disease remission. In fact, remissions with 
reconstitrution of T-cell function have been observed in pi 
aents who are treated with oral cyclophosphamide. In 
In?DNA?„'\'i iniprovement, disappearance of 
anti-DNA antibodies, normalization of complement, and 



NORMAL 
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disappearance of the sequelae of chronic inflammation 
were followed by the normalization of T-cell proliferation 
in SLE (464). One case was described in which clinical 
remission correlated with the normalization of IL-2 pro- 
duction, normalization of serum IL-2-receptor levels, and 
increase in CD8+ DR+ memory cells (465). In mice, an- 
tagonism of E^-IO has delayed the onset of SLE by upre- 
gulating TNF-or (201). A similar strategy is possible in hu- 
man SLE. Based on the current, rapid progress in clarifying 
circuits that are involved in both normal and pathologic 
immune regulation, iimovative strategies to manage SLE 
can be developed that allow normal homeostatic mecha- 
nisms to be re-established. 



Table 10.10. Charact risticsof NK Cells 



NK CELLS 



/ NK cells have the ability to lyse particular tumor target 
cells in the absence of any obvious activating stimulus 
K (466-468) and can kill certain cells that are infected by 
intracellular organisms (469). In addition to their cytotoxic 
; properties, NK cells can enhance or suppress antibody pro- 
.irr— duction (470-472). After the features of NK cells are de- 
I scribed in this section, their cytotoxic activities and regu- 
; ' latory effects in SLE are reviewed. Then, current views to 
p.y- explain why NK cells contribute to the suppression of an- 
. tibody production in healthy subjects, but have the oppo- 
■ site effect in patients with SLE, are discussed. 

! Features of NK Cells 

It now is evident that NK cells comprise a lymphocyte pop- 
ulation that clearly is distinct from T and B cells. NK cells 
originally were identified by their ability to lyse a certain 
- panel of tumor target cells in short-term cytotoxicity assays 
1;: (466-468). Because activated T cells also have cytotoxic 
aaivity and NK cells and T cells share certain common 
h^. surface markers (e.g., CD2) (473, 474), it initially was sus- 
pected that NK cells represented a subpopulation of T cells. 
: However, unlike T cells, they lack specific receptors that 
are capable of recognizing peptide antigens (475). 

The monoclonal antibodies to GDI lb, CD16, and 
CD56 reaa predominantly with NK cells (476-479). 
. CDllb is a receptor for the complement component C3bi, 
called the complement type 3 receptor or CR3 (480). This 
molecule also is a member of the integrin or LeuCAM fam- 
ily of adhesion molecules and is expressed on approxi- 
mately 15 to 20% of peripheral blood lymphocytes (481, 
482), CD 16 is a low-affinity receptor for IgG, termed type 
lU Fc receptor (FcR), and is expressed on approximately 
10 to 15% of peripheral blood lymphocytes (483). CD56 
IS a neural cell adhesion molecule (NCAM) and is ex- 
pressed on approximately 15 to 20% of peripheral blood 
lymphocytes (484). All CD16+ lymphocytes are CDllb+ 
and CD56+; that is, CD16+ lymphocytes are a subpop- 
ulation of CDllb+ and CD56+ lymphocytes (478, 485) 
iioth CDllb and CD56 identify virtually identical lym- 
phocyte populations (486). 



Definition: 

Natural killer (NK) cells are a population of lymphocytes 
distinct from T and B cells which spontaneously lyse 
tumor target ceils. 
Phenotype: 

CD3-. Lack T-cell receptors (TCR/CD3 complex) 

CD2+. >50% of NK cells express receptors for sheep red 
blood cells 

CD11 b-H, Type 3 complement receptors 

CD16+, Type 3 Fc receptors for IgG 

CD56+. Neural cell adhesion molecule 
Normal values: 

10-15% of blood lymphocytes 

Decreased percentages in active SLE 
Cytotoxicity: 

Endogenous decreased in active SLE 

IL-2 stimulated: normal or decreased in active SLE 

IFN7 stimulated: decreased in active SLE 

Antibody-dependent cellular cytotoxicity (ADCC): 
decreased in active SLE 



There is a small percentage of GDI Ib-h or CD56+ lym- 
phocytes that coexpress the T-cell marker, CDS (478, 
487); however, the most highly cytolytic population is 
CD3- (478, 487). It is the CDllb+CD3- or CD56+CD3- 
lymphocytes that are NK cells, and these cells represent a 
distinct, third population of lymphocytes in addition to T 
and B lymphocytes (488). 

Another important feature that distinguishes NK cells 
from T and B cells is their ability to respond direcdy to 
IL-2 and IFN-y (489, 490). Resting T and B cells generally 
require a first signal to respond to these cytokines. Surface 
markers that characterize NK cells are reviewed in Table 
10.10. 

Numbers of NK Cells in SLE 

Both the percentage and the absolute numbers of NK cells 
generally are decreased in patients with active SLE. The 
percentages of CD16+ cells are decreased (491-494), and 
the percentages of CD3-CDllb+ lymphocytes also are de- 
creased (485). In patients with inactive SLE, values for NK 
cells usually are normal. 

Cytotoxic Activity in SLE 

In comparison to normal donors, patients with SLE have 
decreased NK cytotoxic activity; the decrease tends to be 
more pronounced in more active patients (495-500). Sev- 
eral explanations have been proposed to explain this ab- 
normahty, and these explanations are not necessarily mu- 
tually exclusive. Decreased NK activity may be explained 
by decreased percentages of NK cells. As stated earlier, 
CD16+ cells often are decreased in aaive SLE (491-494). 
This finding, however, may reflea modulation of CD 16 
from the cell surface by immune complexes rather than 
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decreased numbers of this subset. FcRs on the cell surface 
are modulated following exposure to immune complexes, 
and this results in a loss of cytotoxic activity (496, 500, 
501). Supporting modulation of CD16 rather than a de- 
crease in the number of NK cells is the finding that the 
numbers of lymphocytes binding NK-sensitive targets are 
comparable between normal donors and patients with SLE 
(497). Nonetheless, cytotoxic activity was decreased, 
which is a finding that suggests a defect in the actual lytic 
event in SLE (497). Therefore, NK cells in patients with 
active SLE may be defective in their capacity to lyse target 
cells. 

Alternatively, "serum factors" also can account for de- 
creased cytotoxic activity in SLE. One such serum factor 
is unmune complexes, which are elevated in patients with 
active disease (502). When added to normal donor 
PBMCs, immune complexes suppress or decrease NK cy- 
totoxic activity (496, 500, 501). However, most studies 
with SLE PBMC implied (rather than actually demon- 
strated) that immune complexes in the serum decreased the 
NK cytotoxic activity. 

ALAs in SLE serum also have been considered as a cause 
of decreased NK activity. Several groups have reported 
that incubation with serum from patients with SLE fol- 
lowed by treatment with complement greatly decreased 
NK cytotoxic activity (495, 498, 499). The inabUity of se- 
rum alone to decrease NK activity suggests that unmune 
complexes were not involved; whether the ALAs are spe- 
cific for NK cells is unknown. One study demonstrated 
that serum from patients with SLE plus complement did 
kill a substantial number of NK cells (499). In this study, 
preincubation of the serum with T lymphocytes removed 
the cytotoxic activity, suggesting that the antibodies were 
not NK cell specific. However, another study described the 
presence of autoantibodies that were specific for CD 16 
(503). As stated elsewhere in this volume, there are ALAs 
in SLE that react with a variety of cell surface structures, 
some of which may have the potential to react with NK 
cells specifically or to prevent mediation of full functional 
activity. 

As most NK cells express FcRs, these cells also are ca- 
pable of mediating antibody-dependent cellular cytotox- 
icity (ADCC). This activity also is decreased in SLE (504- 
507), which is a finding that would be expeaed because 
of decreased expression of CD16 by NK cells in SLE. 

SLE sera can contam IgG ALAs that are capable of sen- 
sitizing cells for ADCC. One report demonstrated that sera 
from patients with active SLE can induce ADCC activity 
against peripheral blood lymphocytes (508). This finding 
provides a mechanism that could explain, at least in part, 
the observed lymphopenia in SLE. 

Certain cytokines such as IL-2 or IFN can augment NK 
cytotoxic activity (489, 490, 509-512). One group re- 
ported that NK cell activity can be restored to normal lev- 
els by IL-2, whereas IFN is more variable and usually less 
effective (145). Another group, however, was unable to 
correct the defect with either IL-2 or IFN-7 (513). Al- 
though the ability of SLE PBMCs to produce IL-2 in vitro 



m response to mitogenic stimulation is impaired (Hg ^ 
514), whether there is a relationship between IL-2 produc* 
tion and NK cytotoxic activity is not known, 

NK cells have the ability to kill ahnost all tumor target 
cells after a brief culture with IL-2 (515-517). This is called 
lymphokine-activated killer cell (LAK) activity. Only two ' 
studies on the generation of LAK cell activity in patients 
with SLE have been reported, and these are contradiaory ^ 
One describes decreased LAK cell generation, and the 
other describes normal levels (141, 518). Clearly, there! 
simply is a paucity of data to make any conclusions re- 1 
garding the status of LAK cell generation in SLE. $ 

NK Cell Suppressor Activity 

Early studies on B-cell regulation by NK cells demon- 
strated that NK cells could suppress antibody production. 
By far, most of these studies measured the effect of NRi 
cells on antibody production in pokeweed mitogen cul- 
tures, although similar results were obtained when Epstein-^ 
Barr virus-transformed B cells were used as a source of 
antibody-producing cells (470, 471, 519-520). A furtheri 
reduction in the amount of antibody produced resulted if 
the NK cells were pretreated with IFN-a or IL-2 (470, 
471). Some studies reported that suppressive aaivity was^ 
augmented by stimulating the NK cells with immune com- 
plexes (521). As NK cells express one class of receptor for 
the Fc portion of Ig (FcR m), it was suggested that stim- 
ulation through this receptor could induce suppressor ac-i 
tivity. This would have been an attractive possibility re- 1 
garding SLE, because elevated levels of immune complexes f 
are associated with the disease. However, not all investi-| 
gators have found that immune complexes stimulate or en-f 
hance suppressor activity (470, 519). Moreover, this mech-| 
anism clearly is absent or impaired in SLE, because a major | 
problem in this disease is the lack of antibody suppression.! 

The finding that WN-a and IL-2 enhance suppressive as| 
well as cytotoxic activity suggested cytolysis as a possible 1 
mechanism of suppression. However, most studies have^ 
concluded that this is not a likely mechanism. In cultures | 
where purified NK cells were added to purified B cells in! 
the presence of T cell-derived supernatants, no suppres-| 
sion of antibody was found (519). In fact, the addition of| 
NK cells enhanced antibody production in these cultures.^ 
Suppression only became evident when T cells were iii-> 
eluded in the cultures, and this suggested that suppression? 
of antibody production by NK cells is mediated indirecdyj 
by T cells. Using pokeweed mitogen-stimulated cultures,! 
Katz et al. (522) ialso demonstrated that NK cell-associated I 
suppression was dependent on the presence of T cells. I 
Although NK cells have cytolytic capability, studies of 
B-cell viability as determined by measuring apoptotic zc^ 
tivity or by susceptibility to cytolysis have excluded this as^ 
a mechanism of suppression (523, 524). Rather, the NK, 
cells appear to support the generation of suppressor activ- 
ity. On activation, CD8+ T cells can promote the produce 
tion of both latent and active TGF-)3 from NK cells (525)^ 
Once in its active form, TGF-^ can mediate a variety of 
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4- functions, including tissue repair and inflammation (526). 
- Regarding immune cell funaion, TGF-j3 tends to be asso- 
'f dated with inhibitory activity (527). However, TGF-j8 also 
can support some immune cell functions, and in particular, 
;the addition of TGF-j3 to activated CD8+ T cells resulted 
^^ in the generation of suppressor cells (525). It might be ex- 
; pected that if the functional activity of either the NK or 
^ the CD8+ T cell is aberrant, then suppression of antibody 
' production might be affected. Of interest, both NK and 
CD8+ cell function are aberrant m SLE. 
: The significance of the NK cells* role in the suppression 
of antibody production has been demonstrated in several 
murine models of SLE. With certain strain combinations, 
the injection of parental spleen cells into Fl hybrid mice 

V can result in the development of a lupus-like disease with 
autoantibody production. An inverse correlation was 
found between the levels of anti-dsDNA antibody and both 
die number and function of NK cells (528). The signifi- 

. cance of this observation was shown by the reduction of 

: v; autoimmunity through procedures that elevate NK activity 
and the exacerbation of symptoms by depleting the ani- 
mals of NK cells. Similarly, it has been reported that de- 
velopment of autoimmunity in €566176 Ipr mice corre- 

; lated with the disappearance of NK cells (529). In a more 
recent study of C57BI76 Ipr mice, the onset of autoim- 
munity correlated with the disappearance of a distinct pop- 

/ ulation of cells that expressed the phenotype of NK cells 

V but that also expressed TCRs (451). Taken together, these 
studies suggest that NK cells have an important role in the 

; , regulation of antibody production in vivo. 

NK Cell Helper Activity 

The first report that NK cells may stimulate rather than 
r suppress the activity of B cells was that of Vyakarnam et al. 
(472). These authors demonstrated that when added to a 
B cell-enriched population, NK cell clones induced the 
production of antibodies. Subsequently, Kimata et al. 
(530) reported that freshly isolated, human peripheral 
blood NK cells could enhance the production of antibody 
■ by various B-lymphoblastoid-cell lines. Moreover, as men- 
. tioned earlier, it was found in studies trying to determine 
the mechanism of suppression that in the absence of T cells, 
NK cells enhanced rather than suppressed antibody pro- 
duction (519, 521). 

Studies of patients receiving bone marrow transplants 
, also have suggested that NK cells can support antibody 
production in vivo (531). Recipients of T cell-depleted al- 
logeneic bone marrow can synthesize high titers of anti- 
body. While they have few detectable T cells, these patients 
do have normal levels of NK cells that appear to be aai- 
vated and can induce autologous B cells to produce anti- 
body in vitro. That B-cell hyperactivity in SLE similarly 
may be supported, at least in part, by NK cells is indicated 
by studies from our laboratory in which full restoration of 
antibody production by purified B cells required the pres- 
ence NK as well as T cells (130). Thus, the regulatory ef- 
fects of NK cells in SLE are not related to the cytotoxic 



activities. Consistent with this are the studies of Procopio 
et al. (532), which demonstrated that NK clones could me- 
diate helper activity in the absence of cytotoxic activity. 

Several investigators have described B-cell factors in the 
supernatants of NK cells or their clones (472, 532, 533, 
535). These factors include supernatants that support 
B-cell growth and/or B-cell differentiation. Of the super- 
natants that support B-cell differentiation, two have been 
characterized, at least to some degree. Becker et al. (533), 
using NK clones and B cells activated by stimulation with 
Staphylococcus aureus Cowan (SAC) and IL-2, reported 
that neutralizing antibodies to TNF-a inhibited the en- 
hancement of antibody production. Moreover, activated, 
but not resting, B cells stimulated TNF-a production from 
the NK clones. Also using SAC- and IL-2-stimulated B 
cells, Jelinek and Lipsky (534) reported that TNF-a could 
augment antibody production. The TNF-a enhancement 
was found to be late acting and effective only after initial 
B-cell activation, Kimata et al. (535) also described a late- 
acting B-cell differentiation factor produced by purified 
NK cells. Although the factor was not identified, TNP-a 
did not have activity in their system. 

For B cells to differentiate, an additional signal to that 
provided by cytokines usually is required (536). NK cells 
recently have been shown to be capable of providing both 
signals to induce B-cell differentiation (180). In this study, 
unstimulated NK cells were able to provide the first signal, 
which required physical contact with the B cell. The second 
signal then was provided by supernatants from IL-2-acti- 
vated NK cells. While the nature of the first signal in these 
experiments was identified as an interaction between 
CDlla (LFA-1) and CD54 (ICAM-1), the factor in the 
supernatants was elusive. In this manner, NK cells were 
able to stimulte resting B cells to differentiate, whereas in 
many of the preceding studies, NK-cell helper activity was 
demonstrated on already-activated B cells. 

Summary 

The ability of NK cells to either suppress or support anti- 
body production at first seems paradoxic. However, vir- 
tually all of the studies on B-cell regulation are consistent 
with the following mode of action. In the absence of T 
cells, any regulatory effea of NK cells on B cells is one of 
help, whether it is support of B-cell growth or of differ- 
entiation. In the presence of funaional CD8+ T cells, how- 
ever, NK cells enhance the suppressive effects of these T 
cells. Thus, the direct helper effect of NK cells is to enhance 
antibody production, while the suppressive effect is 
indirect. 

In determining the lymphocyte population(s) support- 
ing antibody production in SLE, we have found T cell- 
depleted lymphocytes still produce antibody, although 
purified B cells did not. Moreover, the addition of SLE NK 
cells to B cells enhanced antibody production (130). These 
observations suggest that NK cells are involved in sustain- 
ing antibody production in SLE. Studies fi-om our labora- 
tory demonstrate that CD8+ cells in patients with active 
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Table 10.11. Regulatory Properties of NK C lis on 
Antibody Production 

Direct: 

NK cells can directly help B cells differentiate into 
antibody-forming cells. This direct effect is probably 
important in sustaining B-cell hyperactivity in SLE. 
Indirect: 

NK cells can enhance the suppressor activity of CD8+ T 
cells resulting in down-regulation of antibody production. 
Because of dysregulation of CDBh- cells in SLE patients 
with active disease, the suppressive effect of NK cells is 
decreased or absent. 



SLE are dysfunctional and act as helper cells rather than 
suppressor cells (130). Thus, it is not surprising that NK 
cells enhance rather than suppress antibody production in 
SLE. 

The effects of NK cells on B cells are reviewed in Table 
10.11. 
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